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GENERAL INTRODUCTION 


Amorican Chcrnif^al Sodoty Series of 
Seieiitifie and I\i(‘Iniologie Monographs 

By aminp!('mcnt •with thc'. Inti'riilliod Conforciuic of Pure and 
Applied Chcinifitry, ■whirfi met in London and Bnisacls in July, 
1919, thc American Chemical Society was to undertake the pro- 
duction and publication of vSc.icntirio and Technologic Mono- 
graphs on chemical subjects. At thc same time it "was agreed 
that the National Research Oouncil, in cooperation ■with the 
American Chemical Society and the American Physical Society, 
should undertake the production and publication of Critical 
Tables of Chemical and Physical Constants. The American 
Chemical Society and the National Research Council mutually 
agreed to care for these two fields of chemical development. The 
American Chemical Society named as Trustees, to make the noc- 
CHsary arrangements for thc publication of the monographs, 
( Jiarlea L. Parsons, Secretary of the Amorican Chemical Society, 
Washington, 1). O.; John 10. Teeplc, Treasurer of the Amorican 
(’•hemical Society, New York City; and Professor Gcllort Allc- 
mau of Swarthmoro College. The Trusieos have arranged for 
the publication of the American Chemical Society series of (a) 
Scientific and (b) Technologic Monographs by the Clicmical 
Catalog Company of New, York City. 

The Council, acting through thc Committee on National Pol- 
icy of the American Chemical Society, appointed the editors, 
named at tlie close of this introduction, to have charge of scour- 
ing authors, and of considering critically the manuscripts pre- 
pared. The editors of each series will endeavor to select topics 
which are of current interest and authors who are recognized as 
autlioritios in their respective fields. The list of monographs thus 
far secured appears in the publisher’s own announcement else- 
where in this volume. 

The development of knowledge in all branches of science, and 
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especially in chemistry, has been so rapid during the last fifty 
years and the fields covered by this development have been so 
varied that it is difficult for any individual to keep in touch with 
the progress in branches of science outside his own specialty. 
In spite of the facilities for the examination of the literature 
given by Chemical Abstracts and such compendia as Bcilstcin’s 
Handbuch der Organisohen Chemie, Eichtcr’s Lexikon, Ostwald’s 
Lehrbuch der Allgcmeincn Chemie, Abegg’s and Gmclin-Kraut’s 
Handbuch der Anorganischen Chemie and the English and 
French Dictionaries of Chemistry, it often takes a great deal of 
time to coordinate the knowledge available upon a single topic. 
Consequently when men who have spent years in the study of 
important subjects are willing to coordinate their knowledge 
and present it in concise, readable form, they perform a service 
of the highest value to their fellow chemists. 

It was with a clear recognition of the usefulness of reviews 
of this character that a Committee of the American Chemical 
Society recommended the publication of the two series of mono- 
graphs under the auspices of the Society. 

Two rather distinct purposes are to be served by these mono- 
graphs. The first purpose, whose fulfilment will probably render 
to chemists in general the most important service, is to present 
the knowledge available upon the chosen topic in a readable 
form, intelligible to those whose activities may be along a wholly 
different lino. Many chemists fail to realize how closely their 
investigations may bo connected with other work which on the 
surface appears far ufiold from tlicir own. Tlicsc monographs 
will enable such men to form c, loser contact with the work of 
chemists in other lines of research. The second purpose is to 
promote research in the branch of sc.ionco covered by the mono- 
graph, by furnisliing a well digested survey of the progress al- 
ready made in that field and by pointing out directions in which 
investigation needs to be extended. To facilitate the attain- 
ment of this purpose, it is intended to include extended references 
to the literature, which will enable anyone interested to follow 
up the subject in more detail. If the literature is so voluminous 
that a complete bibliography is impracticable, a critical selec- 
tion will be made of those papers which arc most important. 

The publication of these books marks a distinct departure in 
the policy of the American Chemical Society inasmuoh as it is a 
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serious attempt to found an American chemical literature with- 
out primary regard to commonual considerations. The success 
of tho venture will depend in large part upon the measure of co- 
operation which can be secured in tho preparation of books deal- 
ing adequately with topics of general interest; it is earnestly 
hop(al, thorefoni, that eveay menila'r of tla^ various orgauiisiitions 
in the chemical and allied industries will recognize tho impor- 
tance of the enterprise and take sufficient interest to justify it. 


AMERICAN CHEMICAL SOCIETY 

BOARD OF EDITORS 


Soientifio Series: — 

WiDDiAM A, Noyes, Editor, 
Gilbert N. Lewis, 
IjAfayette B. Mendel, 
Arthur A. Noyes, 

Julius Stieolitz. 


Technologic Scries: — 

John Johnston, Editor, 
C. G. Derick, 

William Hoskins, 

E. A. Lidbuby, 

Arthur D. Little, 

C. L. Reese, 

C. P. Townsend. 



American Chemical Society 

MONOGRAPH SERIES 

Other monographs in the series of wlii<;h this bwik is a part 
are now ready or in process of being printed or writUai. They 
will be uniform in size and style of binding. The list up to 
July Pirst, 1921, includes: 

Organic Compounds of Mercury. 

By Frank C. WumioiiK. .'197 pages. Priee SJ.fjO. 

The Chemistry of Enzyme Actions. 

By K. Ghougk Falk. 140 pagen. Price $2.50. 

The Chemical Effects of Alpha Particles and Electrons. 

By Samuel (J. Linu. 180 i)tiKen. Price $0.00. 

The Animal as a Converter. 

By Henry Prentibs Ahmbby. 

The Properties of Electrically Conducting Systems. 

By Charles A. Kijaus. About 400 pages, illustrated. 
Carotinoids and Belated Pigments: The Ohromoliplns. 

By Leroy S. Palmer. About 200 pages, illustrated. 
Thyroxin. By E. C. Kendall. 

The Properties of Silica and the Silicates, 

By Robert S. Sosman. About 500 pages, illuHtrated. 
Coal Carbonization. By Horace C. Pouter. 

The Corrosion of Alloys. By (J. G. Fink. 

The Vitamines. By H. C. Sherman. About 200 pages. 
Piezo-Chemistry. By L. H. Adams. About 350 jjages. 
Cyanamide. By Joseph M. Bkaham. 

Liquid Ammonia as a Solvent. By E. C. Fuanklin. 
Wood Distillation. By L. F. Hawley. 

Shale Oil. By Ralph H, McKee. 

Aluminothennio Reduction of Metals. By B. I), Saklat- 

WALLA. 

The Analysis of Rubber. By John B. TuTn.K. 
Zirconium and Its Compounds. By F. P. Venable. 
The ^emistry of Leather Manufacture. By John 
A. Wilson. About 400 to 600 pages. 

information regarding this series of monographs sm 
G eneral Introduction, page 3. As tlie number of ooni.« of 
monograph will bo limited, advance order® are solicited. ^ 

The CHEMICAL CATALOG COMPANY, Inc 

ONE MADISON AVENUE, NEW YORK, U. S. A. 



AUTHOR'S PREFA CE 


'I'lui i)r(iH<aili iiionogriiph oublincs the fuiiclamontiil principles 
and ('SHciifciiil chcinical facts of the industry of hydrogen prcxluc- 
tion. It iitt(’nipt,H to truce the steps by which the present status 
of the industry has been reaidied, to detail what that present 
status is and what lines of future development may be antici- 
pated. Tlie i,wo-fold jairpose of the monograph series, as out- 
lined by the Hoard of lOditors, has been kept steadily in mind. 
It is hoped that a readable account has been given of available 
knowltulge and Chat, in many directions, the necessity for more 
reseaixdi ainl <!xpcriineutal investigation has been indicated. 

Modern chernic.al toclmology demands tho intelligent co- 
operation of the chemist and tho ongincor. Tho attempt to elimi- 
nate. tlu' one or the other from the development of a new process, 
generally results in retarded progress. Nor is anytiung gaimxl 
by the intrusion of the one into the legitimate field of the other; 
indeed, tho results of such intrusion are, quite frequently, ludi- 
crous. Consequently, tho chemical side of the problems of hydro- 
gen technology is here emphasized. It is thought, however, that 
I, he necessary data have been supplied upon which an engineering 
stair could readily base its calculations for actual ])lant details. 

Tho problem of cost factors in a technical monograph is a 
(lillhailt one, upon which most diverse views are current. No 
extended discuasian of costs is to bo found in the following pages, 
a decision which was reached as a result of tho rapidly varying 
prices in fuel, labor and machinery in recent years and of the 
varying factors of cost, arising from location of plant and avail- 
ability and selling costs of tho by-products of several hydrogen 
I)ro(a!SHcs. It has been attempted, however, to supply in all cases 
tho noccissary diita upon which such cost calculations can bo 
made. Indeed, such an exercise has been undertaken and carried 
through several times in recent years, in varying circumstances, 
with tho data hero assembled. 

The monograph differs in size and in plan from those books 
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dealing with the subject which have preta'ded it. 'I’lie literature 
of the subject has been critically exaniiiicd and, in (lie light, of 
accumulated knowledge, much that has been previously elainied, 
in patents and otherwise, has been diseurded iia imprae.tieable. 
The monograph resembles most idosely tla* chapter on hydrugeii 
by the late Dr. A. C. Greenwood in his exeelleid. "Industrial 
Gases,” but opportunity formucli fuller troatinent has bemi avail- 
able in the present ease. Ideas and infonnation iiave been ob- 
tained from a perusal of other volumes, including the works of 
Ellis, “Hydrogenation of Oils,” Toed, “I'lie Gliemi.sfry aiul Manu- 
facture of Hydrogen” and the British Admiralty "ilydrugen 
Manual,” in two volumes, which deal intensively with two pro- 
cesses, the silicol and the steam-iron process. From I In* elieinical 
literature, help in the form of articles and drawings has been 
obtained. These are acknowledged in the text. 'I'lie elect rolyt in 
hydrogen industry, and especially the iOIectrolabs ( 'o. anti tho 
International Oxygen Co., have placed material unsfinfingly at 
my disposal. It is a pleasure to rcc.ord tln^ asHiHtance wliieh nnmy 
of my friends have given me in diseussing points whieli appeared 
to be debatable. To tho General Editor, Dr. John Jtthnston, ami 
to Messrs. R. S. Tour and G. 0. (.'arti*r, from all of whom sug- 
gestions have been received and accepted, my best tliniik.s are due. 
My wife has lightened the clerical labours which iuevitidiiy accrue 
to such an undertaking. She has my gtmc'rous appreciation. 

Oct. 1, 1921. 
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INDUSTRIAL HYDROGEN 


Chapter I. 

Introduction. 

Tho production of liydrogcn on a large scale is an industrial 
development of the last two decades. Prior to 1900 the utilisation 
of hydrogen was practically confined to tho aeronautical field, 
for use in balloons, and to a few minor industrial uses such as for 
lead-burning, the working of platinum metals in the jewelry 
trade and the production of light, for tho projection of pictures, 
by tho burning of an oxy-hydrogon flame in contact with re- 
fractory oxides sucli as lime. In the main, these requirements 
were satisfied by electrolytic methods of production, hydrogen 
and oxygen generally being simultaneously produced. For the 
filling of balloons, in the field or in balloon stations, reliance 
was placed upon hydrogen produced by the action of sulphuric 
acid upon iron when a gas of greater lifting power than the more 
usual coal gas was rcciuircd. 

From 1900 onwards tho demand for largo scale hydrogen 
production has steadily increased, the gas now occupying a very 
important position in the field of pure gas technology. The ad- 
vent of tho dirigible balloon made the production of hydrogen 
imperative, since, by its use, the lifting and carrying capacity of 
the airship could be made adequate for tho extra weight in- 
volved in tho machinery, fuel and men employed to give direc- 
tion to the vessel. From tho early experimental ships of Santos- 
Dumont, through tho laborious trials of Zeppelin, the lightcr- 
than-air dirigible has evolved, especially during recent years, 
until tho present time. Tho dirigible built in England for tho 
United States Government and recently destroyed had a capacity 
of 2,700,000 cubic feet of hydrogen. 

The development of hydrogen production in relation to dirig- 
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ible balloons has facilitated also the dcvcloiuia'idH ol stationary 
or kite balloons, as ciiiphasizod by th(' tiw' which was luatlc of 
such in recent wars for purposes of rccoimaisHanco. 

Paralleling this extraordinary growth in tho field of aero- 
nautics, a considerable development has occurred in the purely 
industrial use of the gas. The penetration of hydrogen in bulk 
into the industries has been brought about by the technical de- 
velopment of catalytic processes. Tho academic stialies of Suba- 
tier and his co-workers ^ in tho catalytic hydrogenution of organic 
compounds by means of basc-mctal catalysts Bueh as niektd, 
cobalt, copper and iron, led directly to tho establishment of the 
industry of hydrogenation of oils. In this industry, the liciuici 
glycerides of unsaturated acids, such as oleic acid, arc converted 
by catalytic hydrogenation in presence of nickel or other catalyst 
into the solid glycerides of saturated acids, such as stearic acid. 
The hardened fata are made use of extensively in tho production 
of edible products and also in the soap and candle industries. It 
is difficult to obtain accurate data in reference to the present 
consumption of hydrogen for such purposes. It may safely bo 
stated, however, that several million cubic feet of hydrogen, of 
high purity, are daily consumed, in this country alone, for such 
purposes. 

In solving tho problem of fixation of atmospheric nitrogen the 
r&le of hydrogen production Iwis assumed first importance. The 
successful development of ammonia synthesis in Germany and its 
technical operation since 1913 has entailed a tremendous develop- 
ment of hydrogen manufacture, Tho production of one ton 
(2j000 lbs.) of fixed nitrogen ns ammonia involves Uie theoretical 
consumption of approximately 430 pounds, or more than 82,000 
cubic feet, of hydrogen, measured at ordinary temperaturtm and 
atmospheric pressure. Tho hydrogen consumption of the Haber 
process plants in Germany, with a capacity in 1918 of 660 metrie 
tons of ammonia per day,* will, therefore, readily bo graspwl. For 
purposes of ammonia synthesis a gas of high purity is wenUal. 
Recent developments outside of Germany, more espeoisUy in eon- 
neotion with the high pressure process of M. Georges Claude in 
France, of the modified Haber process of the General Chemical 

Jia Oatalyte m Wiimie OrgaiUgu*, 2n<l 'SdlUm, Bab«U«r. 19#0 

•J. Ind. Xng, Ohm,, 1021, II, 288. 
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Company in this country, and of the Nitrogen Corporation in 
England, suggest a very considerable multiplication of hydrogen 
requirements in the future for purposes of nitrogen fixation as 
ammonia. 

The inevitable cheapening of the product, which results from 
the extended scale of manufacture, widens the field of possible 
technical applications. Already in use for catalytic hydrogena- 
tion in the fine chemical industry, hydrogen promises to find ex- 
tended technical application in other catalytic operations. The 
production of pure hydrogen chloride by interaction with chlo- 
rine, the hydrogenation of benzene and of naphthalene for the 
production of hydrogenated products useful as fuels or solvents, 
the reduction of nitrobenzene in the vapor or liquid phases and 
the conversion of acetaldehyde to alcohol will serve as indica- 
tions of potential hydrogen-consuming processes not too remote 
from practical industrial use. 

Outside the catalytic field the utilisation of hydrogen has also 
increased. The development of the electric filament lamp has 
resulted in a large demand for hydrogen. The gas is employed 
in the reduction of the metallic oxides, in the working up of the 
metals into filaments and in the displacement of air from the 
lamp bulbs prior to evacuation. In this last operation, a nitro- 
gen-hydrogen mixture is usually employed. As in the metallurgy 
of tungsten for the lamp industry, so with other rare elements 
largely in use for alloy purposes, the utilisation of hydrogen as 
reducing agent eliminates contamination of the product by car- 
bon. 

The use of the oxy-hydrogen flame for the fusion of the plati- 
num metals is well known. In such operations the presence of 
carbon is avoided owing to the deleterious effect of carbides on 
the properties of the platinum metals. The development, how- 
ever, of electric furnaces operating in absence of carbon or car- 
bon-containing gaseous atmospheres, as for example the Ajax- 
Northrup electric induction furnace, will diminish the utilisation 
of hydrogen for such purposes and may also have an influence on 
the use of hydrogen in the non-platinum rare-metal industry. 

Of minor importance in the question of hydrogen utilisation 
is the artificial gem industry. The fusion of refractory oxides 
such as alumina in presence of various color-yielding oxides, 
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as, for example, chromic oxide, Rives Bynthef.h^ r<‘iuh hiu-Ii us 
rubies, sapphires and emeralds. These syiitlietie K<'nm are, iiow- 
ever, mainly use for personal adornment and Uie tonnuRt; in- 
volved is small. Rubies find applicatioti, neverllieless, hh siuull 
bearings for delicate mechanisms. 

The Sources of Hydrogen iStippfy.— nydrogen offurs in the 
free state in minimal quantities only in nature. Its eoiu'entnHf ion 
in the atmosphere certainly does not exeeeil 0.02 per cent. In 
certain natural gas supplies a higher concentration has been noted. 
For example, gas in the Ohio and Indiana fields may eont ain 0.5 
per cent of hydrogen. Since the gas is acciud<'d to n <’onsi«liT- 
able extent by certain metals, for example, the platinum metals, 
nickel, iron and cobalt, it is occasionidly prcscjit in large per- 
centages in the gases evolved by such mctola fount! in nature 
in the elementary condition. Thus, meteoric iron ettntaina oc- 
cluded gas which is mainly hydrogen. This is not suriiriaing when 
it is remembered that hydrogen exists uncomliined in largo masses 
of the atmosphere of the sun, and also in other elements of the 
heavenly bodies. Violent volcanic eruptions yichl gases eojitain- 
ing free hydrogen, as was observed • in the analyses of gases 
from Kilauea, where the concentration was approx irjiately 10 
per cent. 

In the combined state, on the other liand, hydrogen is ex- 
tremely abundantly distributed throughout nature. Not only is 
it present to the extent of 11.1 per cent in all water but it is an 
essential constitutent of organic matter, such aa cellulose. It is 
the essential constituent of all acids and is present in important 
amounts in all hydrocarbons, from the simplest cotnpounds pres- 
ent in natural gas to the most complex in heavy oils, waxes and 
coal. 

Since, in respect to availability, water far transcends the hy- 
drocarbon family, it is natural that the main source of indus- 
trial hydrogen is, in the last analysis, water. In certain east's, 
the production of the gas is attained with the utilisation of coal, 
coke or carbon in one or other form, as an auxiliary. The carbon, 
however, functions essentially as the reducing agent employetl U» 
liberate the dement from the compound with oxygon. Phyaicnl 
methods of disruption of the compound may also be used. Thus, 

• Day and Shepherd, Bull, isfoo. 1910, 
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('IccitrolyHiH of iuhu'ouh HohifionH of uci<lH or nlkulis bus nn iinpor- 
lanl. phicc in liydrogon (.('clmology. From liydrocarbona, Uic, by- 
(Irogon may be obbuimd by proca’saea of thermal dccannposition, 
in eoniraat to tbe ease of water, where thermal decomposition is 
technically impossible owing to the high temperatures which 
would luaa'ssarily he involved. Indirect methods of obtaiiung 
hydrogen from hydrexiarhons reipiiring chemical interaction cither 
with st('am or carbon dioxidi! have hec'n suggested, hut they have 
not attained to pra(d.ical iniportanc,c. As will he seen, also, 
hydrogen is obtained as a by-product and in small amounts 
from otlu'r classoB of compounds such as formates, alcohols and 
ac'ctono. 

C Imuification of the Sydoms of Hydrogen Production . — The 
broadest system of classifioation will naturally bo based on the 
sourem of the hydrogen, whether from water, hydrocarbon, or 
other source. The multiplicity of methods of obtaining the gas 
from water demands, however,- a more elaborate system of sub- 
division of this sec.tion. This can conveniently ho accoraplishod 
by relegating to distinct chapters the treatment of the. methods 
of hydrogen production in which different fonna of the raw ma- 
terial are (ioncerned. Thus, water comes into use for hydrogen 
manufacture as steam and as water as well aa in the form of 
the derived raw material, water gas. In the succeeding c.laasifi-. 
cation an attempt has been made at an orderly arrangement of 
tho many procesacB to bo considered, with this idea as the guid- 
ing princ.ijjlo. The order of raw materials has been ohoaen 
with the purpose of l)ringing forward first for consideration the 
methods of manufacture which arc at present of major impor- 
tance. Tima arranged, tho groups and sub-groups come up for 
treatment as follows: 

A. Hydrogen from Weder: 

L From Steam 

(1) J,iy alternate 
interaction of 
iron with 
steam and of 
iron oxide 
with water gas 


(a) Multi-retort processes 

(b) Single retort processes 
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11. From Slciun uml Wa- 
ter Gas 

(1) By continuous 
interaction in 
presence of a 
catalyst 


III. From Water Gas 

(1) By processes 
of liquefac- 
tion, involving 
carbon mon- 
0 X i d 0 re- 
moval 


IIYDROULN 

' (a) The (’outinuous or Ba- 
(li.st’he i’rtM’fH.-^ 

(b) I’roiawes witli <li>|>l!iec- 
inent of iM|uil ibrtum. 
(trieslu'un-Klektron ( ha’s 
process 

(e) Hingle staK<' itr Dicffeii- 
bnclt anil Mulileiilauier 
process 


(a) Linde- Frank -t’aro proe 
esH 

(b) Glaude process 


IV. From Water 

(1) By clectrolyaiH. Various plant (ypes 

(2) Employing carbon or iron niul water umlcr pres- 
sure. Bergius proccsB 

(3) Employing alkali metals 

(4) Employing hydrides 

(5) Employing metallic alloys 


V. From Aqueous Alkalis and Hydroxides 


( 1 ) 


Employing 
metals or al- - 
loys 


(a) 

(b) 


The Forro-Bilicon process 
Aluminium proetw 


B. Hydrogen from Hydrocarbons: 

(1) By thermal decomposition 

(2) By interaction with steam 

(3) By interaction with carbon dioxide 
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C. Hydrogen from Miscellaneous Sources including By-product 
Hydrogen: 

(1) By decomposition of formates 

(2) By dehydrogenation of alcohol 

(3) By fermentation processes to yield acictonc 

(4) The Ilydrogenitc process 

(5) Ilydrogcm from sulphides 

(()) Hydrogen from iicids. 

The processes included in A I, A 11, A III and A IV (1) form 
tlic subject matter of (Chapters .11 to V inclusive. Chapter VI 
deals witl> the ehemieal methods of obtaining hydrogen from wa- 
ter. The HUeeeisling (diai)ter is devoted to hydrogen from aciucous 
alkalis and hydroxides. Chapter VI 11 sketcdiea out the prob- 
lems listed under B, hydrocarbons forming the raw material. 
Chapter IX collects the mist'ollaneous methods of manufacture 
and discusses by-product liydrogim. A final chapter is added on 
the purification and testing of hydrogen. 

Choice of Processes . — In the siuicceding chapters it will 
emerge that a variety of processes have attained to a standardised 
technical flevclopment. jOnquiry will therefore naturally be 
forthcoming as to preferred processes among so many. The an- 
swer to such eiuiuiry can only be intelligently given with refer- 
cn(!o to the ])urticular usage to which the jrroduct is to be put and 
also with reference to the loe.ality in whic.h the gas is to be pro- 
duced, For operations involving small consumptions of gas, say 
n few hun<lred feet of gas per hour, it is probable that an elec- 
trolytic unit would best meet the case. The relatively high in- 
itial outlay and cost of i)ower reejuired would bo offset by the 
minimum attention needed by the plant. For large consumption 
the coat of plant and ciost of production become paramount. For 
example, in the aynthesis of ammonia, where the hydrogen repre- 
sents as much as 75 per cent of the gas mixture employed and 
about 17.5 per cent of the weight of ammonia produced, these 
considerations outweigh all oUkts and recourse is had to that 
process, the catalytic process (tihapter HI), in which the hydro- 
gen ciin be most cheaply produced. The presence of nitrogen as 
an almost inevitable impurity in such gas, however, limits its 
applicability in other dircictions than that of ammonia synthesis, 
in which process, of course, the nitrogen is a needed constituent 



22 


INDUSTRIAL IlYDUOGEN 


of the gas mixture. Hence we find that, in (he fie!d of aeronaut ie 
and in the hydrogenation of oils, more e-xpensive 1ml jmrer gnulc 
of hydrogen are in use, for example, steam-iron process and elec 
trolytic hydrogen in the majority of cases. 

Since, in the electrolytic process both hydrogen and oxygei 
are produced, the localisation of the plant is an important faetoi 
in the determination of the process to be preferred. In severa 
cases in this country the sub.stitution of electrolytic. hytlrt»gei 
for other processes has resulted in considerable economic benelil 
owing to the revenues accruing from the dispo.sul of the by- 
product oxygen. Similar returns from oxygen disjxwal iir»> pt)s- 
sible in the case of the Linde process of hydrogen pnaluction 
from water gas (Chapter IV) in which, by rectifieatitm of the 
liquid air used in the liquefaction process, oxygen hihI nitrogen 
may be received as by-products. In the early stages of tle- 
velopment of the synthetic ammonia process at Oppaii, (k-r- 
many, the nitrogen required was so obtained, the saving thus 
accruing being credited to the hydrogen process. 

Attention should bo direckd to the desirnbility, in certain cir- 
cumstances, of combining two types of unit. For sti-ady protlue- 
tion the unit chosen should provide hydrogen of the neeessnry 
grade at a minimum cost inclusive of investment cost. For emer- 
gency purposes, as for example, during overlmul periwls or when 
an excess of gas is required for a special occasion, tlie pro- 
vision of a stand-by unit, low in investment cost, is ilesirahle. 
A unit of the silicol process type (Chapter VII) fulfills such ii 
purpose and should be of special importance in neronaiitie w«»rk 
where great demands often occur, as in the first itjfiation of u 
ship, or after a gas bag has bmi ripped in a big sliip, or whfti 
the entire gas contents must be changed in a smaller vesstd. 

Safety Precautions . — Especial care is necessary in the oiaira- 
•tion of hydrogen production owing to tlie dangers of fire and ex- 
plosion associated with the gas and the gaseous materials with the 
aid of which it may be produced. The ignition imint of hydro- 
gen gas is low, circa 680-690“ C., dependent, however, to some 
extent on the concentration of the gas and the oxygen-nitrogen 
ratios. Carbon monoxide, which is the other prineipnl comhus- 

*K. O. Falk, Amer. (Them. Ptm m » 


tiblc c(>nHt,iUu;nt in t.hc wakr-gns from which hydrogen is fre- 
(lucntly obtained, luis an ignition-point, according to the same 
atithors, varying between 037 and 058° C. in oxygen, and be- 
tween 044° and 658“ O. in air. 

Combustion of inflainmablo gases mixed with air or oxygen 
will only take place within fairly well defined limits of concen- 
tration. To ensure propagation of llarnc, it is necessary (1) that 
the initial source of heat should be of a volume, intensity and 
duration suflicient to raise the layer of gases in its immediate 
vicinity to a temperature higher than, or as high as, the ignition 
temperature of the mixture; and (2) that the heat contained in 
the {iroducts of combustion of this first layer should be sufficient 
to raise the adjacent layer to its ignition temperature.* There 
are two limits of concentration, the one is the lower limit of in- 
flammation corresponding to the smallest concentration of com- 
bustible gas which, with air or oxygen will enable self-propaga- 
tion to take place. The other or upper limit corresponds to the 
maximum concentration which will so act. The limits vary some- 
what with the shape and size of the containing vessel. They are 
extended in wider vessels. Increased pressure also tends to widen 
the limits, as docs, also, increase of temperature.® This may, 
however, be specific to certain gases, since Torres and Plena’’ 
state that increase of pressure narrows the limits in the case of 
carbon monoxide-air and hydrogen-air mixtures. The data for 
the several gases concerned, as compiled from recent data, are 
given in the following tables, referring to explosive limits at 
atmospheric pressure with gas-air mixtures: 



Lower Limit 

Upper Limit 



74,2 

Carbon monoxide • . , 


74.2 

Methane* 


16.4 

Water-gas® 

12.4 

66.8 


^ Burplii and Wliiitltr, J, (Ifwm, B(w,, 2»018. 

* Hw BiirwU ari4 Bur. of Paper, No. 100. BurraB 

ftudt Kuhtrticm, Bur, of Mlawi, T®eh. Paptr, No, 121. 

^ J. CiMbtiliUclit, 1914, 07, 990, 1 , 001 , 1,0X6. 

»€«war<I, *7. Hhmm, Boo*, 1914, 160, 1,859, CowarO, Carptntar and Pay- 
man, ibm. 1919, 110, 2T. 

1901, 
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Since the sensitivity of hydroRcn to explttsiou is «> Rrcut, th* 
greatest care is essential in exposing hydrogen strennis f<> tlatues 
Certainty is indispcnsahle in this connection. As a <'otiset(uence 
adequate “purging” of a system, with hydrogen known to l>e safe 
as regards oxygen content, sliould always he earricai through 
before flames arc brought into action. Ahsen<‘e of oxygen is to 
be strongly recommended when infiamm.Hltle ga.«es are under- 
going compression, since the monn'nfnry ri.se of tempeniture of 
the gas during the compression stroke may lx; suflicient to liring 
about explosion. Furthermore, in the release of compressed hy- 
drogen to closed systems, ns, for example, to gauges, the ojier.a- 
tion should always be performed gradually, since sudden open- 
ing of the valve may cause adiabatic compr<'.sKion of the first 
gas and of air or oxygen in the gauge, with eiHJHwjuent rtst! in 
temperature. 


Oliapter TT. 

Hydrogen Kroni Htc^arn, 

''I'Ih! grcjit. Imlk of hydrogon consuinod in the hydrogenation 
of oils is |)r(Mhi('(Hl by niouns of the stenin-iron process. The hy- 
drogen is generuted by (he intenu^l ion of steam witli iron ut tem- 
peruturi's ranging according to choice from 5.50” (h to SOfF 0. 
'The reaction, which may l)e fornmlaled i)y means of the ecpiation, 

31<'e + 411,0 h\(\ + 411, 

is in reality a r(!V('rsible proct'ss. Low temperatures favor hydro- 
gen pnxKiction, high t(miperat,ur(« the reduction of iron oxide. 
Furtliorniore, the total reaction may be ri'gardcd as occurring in 
two stages, 

(a) 3Fe 4-31I,0-aFc0 -{-311, 

(b) 3Fe()+ n,()”FeA-f H, 

and in each stage defmite e(iuilibrium relationships hold. The 
data of ( lhaudron * plotted in the accompanying diagram, Fig. I, 
show (lie rrapective ratios of Pjj^q variou.s temperatures 

when tht5 solid phaH(!8 present arc; Fe-FeO and Fe()-Fcj,0,, 
Bpec,tiv(ily. It will bo seen that, in the region of ojasrating tem- 
peratures chosen, both oxidation and reduction may tiike i)lace to 
a marked degree ac<!c»rding to the nature of the contact material 
and the gas passing over it. Thus, if the (amtact mass be iron or 
himms oxid(i, t reatnumt with steam will r(«ult in hydrogen pro- 
duction. If tile, mass be magnetic oxide of iron, FoiO*, and the 
gas passing be hydrogen, marked reduction will occur. The 
steam-iron process is operated with such an alternation of re- 
actions. Hydrogen is produced by passage of the steam over the 
reduced contact mass, the magnetic oxide of iron thereby pro- 
duced being reduced in a succeeding operation to the metallic 



or lower state of oxidation by means of a suitable reducing gas. 
For technical purposes, the reducing gas most generally em-- 
ployed is water-gas, being the gas with the maximum content of 
reducing agents consistent with the economy of the process. 

o 


0 I 





Fio. I. Fe-Ii'eO and FeO-F(‘s 04 FauiUbria. 

Hence, the reduction of the contact mass involves two reactions, 
the first being the reverse of that occurring in tlie steaming phase 

FCaO* + 4 H 2 = SFc + 4H,0 
which really occurs in two stages 

FeA+ Hj = 3FeO+ H,0 
3FeO + 3H,, = 3Fc + 3H,0, 

the second being the corresponding reaction with carbon mon- 
oxide — a reaction which also may be formulated in two stages 

Fe,,0,+ C0 = 3Fe0 4- CO^ 

3FeO + 3CO = 3Fe -f 3CO„. 

As with the corresponding reaction involving steam and hydro- 
gen, these reactions are also reversible and the equilibrium ratios 



of the curbon dioxide utid eurboii nioiioxide ut various tciupc'ra- 
tures are set fortli ji>;ra|)hi(‘.ally in the ae(H>inpanying diagram, Fig. 
II, comi)iled from tlui Ix^st available data on the eciuilibriar 
Other redmang gases, su<‘h as produecT gas, may be employed, as 
will be iudi(‘ated lai(‘r. In prine-iple, however, the pro(*(*ss and the 
reactions ocaairring arci not affecdod by such change. 

//isdonV^oi.— Th(‘. essential rea(d/ion, the interaction of steam 
and iron is a veay ohl one and was early (‘.ml)odi(Ml in patent up- 
pli(*.a.ti(ms. .Ios(‘ph Ja(‘ob (IF Ih 593/1 HOI) (‘laiimal tlu^ (‘onmu‘r- 
eial produe.tion of hydrogtai by the u(*tion (d steam on iron lK)r« 
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ings or filings or on iron crushed, ground or pulverised. A por- 
tion of the hydrogen prodiuiod was to be burned on the outside of 
the retorts in order to iniiintuin the reaction temperature,. The 
iron after interaction with tho steam was to be discharged from 
the retorts and utilised for other purposes. Sinnlar early patent 
claims are duo to Isham Baggs (B. P. 2,719/1866 and 1,471/ 
1873). An unsuccessful attempt at commercial production by 
the steam-iron process was made by Giffard in 1878. The iron 
rapidly became inactive duo to sintering of tho material and 
to chemical reaction with injpuritics in the reducing gases used. 

The Lewes patents, B. P. 20,762/1890 and 4,134/1891, repre- 
sent the beginnings of a serious attempt to solve tho commercial 

•Schonck, jBer. 1005, S8, 2,132; 1007. iO, 1,70H. van Royan. Otu. Honn. 
1011. Ltvla and KBater. Nermt PeatahH/t, Ralcke. Z. Blaktrooliem, 1010, 
**, 121. 


production of pure hydrogen. In the earlier claim, the contact 
mass, iron turnings or a suitably moulded oxide, was to be con- 
tained in a retort embedded in the fuel bed of a gas producer 
making an air producer gas. Thereby, the mass was to be main- 
tained at a sufficient temperature and the producer gas was to 
be used for the reducing phase. In the later claim, various forms 
of contact mass are mentioned, including iron obtained from its 
salts deposited on asbestos or pumice or obtained by admixiuro 
of moist hydroxide of iron with a suitable support material. A 
semi-water-gas containing both carbon monoxide and hydrogen in 
addition to nitrogen is also cited as preferable to carbon mon- 
oxide and nitrogen alone. 

Development of the engineering details associated with the 
proposals of Lewes relative to hydrogen production was energeti- 
cally undertaken in England by Lane. The resulting improve- 
ments are embodied in several patents to Lane and others.® They 
resulted in a departure from the single shaft of material as pro- 
posed by Lewes and the substitution of a multi-retort plant which 
has been largely employed in the Lane form or with modifications 
introduced by other plant erectors. Details of such plant will 
be considered later. 

The single retort unit, on the other hand, has been intensively 
studied and developed by German investigators. The principal 
plant based on this system is the Mcsscrschmitt plant of which 
several modifications exist.* Modifications of the single retort 
unit are also due to the Badischc Anilin u. Soda Fabrik and 
others. 

The Contact Mass . — Since the reaction with steam occurs 
mainly on the surface of. the iron and penetrates little, if any, 
into the interior of the solid mass, it is desirable that the iron em- 
ployed should be in such a form as to expose the maximum 
amount of surface consistent with the other properties requisite 
in the chosen material. A porous reactive form of iron is there- 
fore chosen. On the other hand, the contact mass should be 
physically robust, as the alternation of oxidation and reduction 
promotes disintegration, leading to accumulation of finer ma- 

• Hills and Lane B. P. 10,850/1008. Lane and Montenj: Fr. P. 886,901/1908. 
Lane, B. P. 17,591/1909 ; 11,878/1910. U. S. P. 1,028,800/1012. 1,040,218/1912 ; 
1,078,680/1913. 

‘ D. E. P. 291,902/1914 ; U. S. P. 1,109,447/1914 ; U. S. P. 1,162,196/1016 ; 
U. S. P. 1,225,262/1917 ; U. S. P. 1,226,208/1917 ; TJ. S. P. 1,225,204/1917. 



a,l and the development of n haek-presBure in the rctort- 
cm. Difli(ndtieK arise also in choice of contact material owing 
;hc tendency towards local overlicating within the rettorts, 
eh results in a sintering of the mass, loss of ac.tivity and 
sequent diminution of hydrogen yield. 

Material of suitable (luality is generally obtained from a car- 
accous or oxide ore of iron which, after calcination and r('- 
jion, is in the reciuisitc porous conditiem. The material most 
monly employed is a (iahuned spathic, iron ori'. Originally a 
)onate of iron, the ore sutlers loss of carbon dioxide on heat- 
and yields an oxide, of the. re<iuisite (luality. A certain amount 
'usion oc(;urs in the caU'ination pro<a‘ss. The material has 
cwhat the porous appearance of cok(' hut is considerably 
wr, very robust and resist.ant to disintegration. Olaim is 
Ic for au(h a contact mass in the pahuit of 1 )i(‘fT(‘nhach an<l 
dcnhaucr.® It was, lu)wever, employe<l in technical practice 
0 years previous to the <latc of this application. Before 1917, 
jrican producers of hydrogen by the, steam-iron process iin- 
,cd their contact material, mainly from Knghmd. During 
war it was ne<!esHary to make use of home supplitis of iron 
but these were found to be much infericyr to the imported 
ined spathic, ore. In addition to the English product a con- 
mass obtaine<l by calcination of a Spanish carbonac-eous iron 
has b(!cn used with success. 

riie nature of one nuythod of pre^paration is disclosed in a 
nt to Bates and Bates (B. F. 134,155/1919) according to 
ih the material is obtained in suitable form for use by stack- 
;hc spathi(i ore in heaps with a covering of small fuel, allowing 
heap to bum slowly for several days. Tlui hot heap is then 
ichcd with water and the ore when cold is washed with water 
rcc it from impurities. The British Oxygen Oo., Bray and 
bur, soak the ore for one-half hour in commercial hydro- 
rie, acid, after which it is waHhc<l thoroughly with water and 
'ied for use. A more porous and active material is thereby 
heed (B. P. 122,474/1918), it is claimed, 
rho Dollwik-Flciscljer Co. claim* tlic use of burnt pyrites 
ontact material. When roasted to expel all tlic sulphur the 
2 rial is not generally very rea(!tivc, and, if the calcination is 


n. n. I». 282, 347/1010. 
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stopped short of coinplctc ronioviil of suliihur, the li.\ in- 

itially produced contains a liigih conccntral ion of sulphur ( oin- 
pounds. With use, however, the maieriul improves. 

A high grade contact mass is obtainable from Hwedish iron 
ore, an oxide ore of exceptional purity, low in sulphur and phos- 
phorus. The oxide may be utilised directly for charging into ih(> 
retorts, where, after reduction, it possesses the rcHpiisite poroiis 
condition and strength. An improved form of this material is 
obtained by admixture of the broken ore with limc'stone and 
carbon in suitable form. ■ The material is then calciiu'il at rela- 
tively low temperatures, reduction of the oxide being efTe(dcd by 
the carbon monoxide produced in the combustion process. In 
this way a spongy form of iron of high reactivity and consider- 
able strength may be obtained. It is, however, relatively costly. 
Such material also foms a suitable basis for contact material 
in the water gas catalytic process discussed clHCwhere. 

In addition to reduced iron ores, other contact agents have 
been employed. Alloys of iron, especially with manganese, chro- 
mium, tungsten and titanium are claimed in the patent of I>iefr(tn- 
bach and Moldcnhaucr.'^ Ferro-manganese shows a higher rate 
of reactivity with steam than does a compact iron under similar 
conditions. During the war, patents employing such alloys were 
utilised by English hydrogen producers under license, in idace of 
iron ore contact masses. Such alloys show less tendency to 8in(<T 
with local overheating and thus lose tlieir activity leas rapidly. 
They also deteriorate leas with use. According to Messer- 
schmitt,® manganese additions arc of especial value in presvent- 
ing carbon deposition in the contact mass, a circumstance tt>nd- 
ing, as will be shown, towards a purer hydrogen pnaluct. Btieh 
contact agents, however, obviously entail a high outlay for con- 
tact material. 

Impregnation of spongy Swedish iron with an alkali hydrate 
or carbonate is a modification of the contact mass employed by 
Thorsell and Lund6n in Sweden to increase the active life of 
the contact mass.® Iron thus treated is probably much more 
reactive towards steam than the untreated material. It should 
therefore be possible to operate at lower reaction temperatures 


' B. r. 12,051/1912. 



UuiR (liiuiiiisli lonH of acfcivifcy due to sintorinfj;. l']x;iniiiiation 
ctive niidorinl luid die Kamo, material after use and conKoquont 
of activH.y, allows, in the fonner ease, an open porous struc- 
and, in the hitter, a smoother surface due both to loss by 
ision and to local fusion of the surface. Lower reaction tem- 
ituros therefore favour increased duration of active life of the 
,act mass. Similar claims to those of Lunden and Thorsell 
D been made by Maxted,“* who recommends addition of al- 
s, alkaline earths and eojiper salts. 

riie Badischo Anilin u. Soda B'abrik ” patented the use of 
le of iron prepared synthetically by fusion of iron in oxygen. 
irjKiration of r('fracf.<)ry oxides such as magnesia or zirconia 
mch synthetically prepared materials was also suggested, 
re is no evidence that such synthetic contact masses have 
,0 into general use and, it is evident, they must have a high 
ial cost compared with oxides of iron produced from natural 
ores. 

Typical Generator Units — (a) Multi-retort type. — ^Thc pio- 
' liydrogcn generator of the multi-rct-ort tyiic is that due to 
lO and examples of this system of operation are to be found 
America, Kngland, B'rance and Russia in the factories which 
D among the earliest to concern themselves with the hydro- 
Fition of oils. 

A Lane generaUir uiiit contains three sets of twelve retorts 
1 filled with the material used as contact mass. The retorts 
arranged vertically in a rectangular firebrick combustion 
tnber in groups as indicated in the diagram (Fig. TIT). They 
rage 10 to 12 feet in length with an internal diameter of 9 
ICS. They arc closed at the two ends by means of plates 
;ed to flanges on the retort ends, asbestos joints being used 
aako the fittings gas-tight. With suitable valve and pipe con- 
Lions, diagrammatically shown in I’ig. IV, the sets may be 
plied with water-gas or steam, the direction of these gas 
ams being opposite to one another through the retorts. Lane 
id that the reducing stage was considerably less rapid than 
steaming phase. Consequently, the generator is so arranged 
b two of tlio three sots of 12 retorts arc being treated with 

B. P. 126,410/1010. 

>■ B. P. 0,688A012. 

“B. P. 1T,601A»(». 


water-gas while the third set is being steamed. With a steam- 
ing phase of 10 minutes^ duration the time occupied in the reduc- 
tion is therefore 20 minutes and a cycle is established whereby 
hydrogen is generated from the three sets in succession once every 
half hour. With this arrangement as to time and with a unit of 



the size stated, an hourly production of 3,500 cubic feet of hy- 
drogen is possible. After the reducing period, the retorts are full 
of partially spent water-gas. To avoid introduction of this gas 
into the hydrogen obtained when the steam is turned into the re- 
tort system Lane introduced a brief period of “scavenging” or 
“purging” between the reducing phase and the hydrogen make. 
For 15 to 30 seconds after the steam is admitted, the hydrogen 
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produced is allowed to follow the spent water-gas until (he retort 
system is sufficiently freed from e.arijon-enntaining gases, 'then, 
by a change-over valve, it is diverted to the hytiroge.n jjurilhtation 
system and holder. 

To maintain the reaction tempcu'ature, the spmit water-gas, 
which still contains, after leaving the retort syslem, a marked 
proportion of combustible gasc.s, is cooled in a serubber condenser 
to free it from steam and is then returned to tin; gcaicrator to b(! 



burned on the outsides of the retorts. 'Tiie gas is led in piiies 
through holes in the lower secition of the combustion cliainbcr and 
burned around the base of the outside retorts of the s(d ting, A 
simple length of iron pipe serves as burner siiuai the gas rcfiuires 
no admixture with air prior to combustion. 

Several modifications of the Lane plant have been made in 
later forms of the multi-retort generator. Thus, a number of 
plants recently erected provide a producer along witli the re- 
tort setting and placed about six feet below the same. The pro- 
ducer delivers to the outside of the retorts a producer gas through 


Spe/tf Gas far Firing 
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flucis nrriuiKcd bctwec'u (.lie Iwo purnlkil sets of retorts. Secondary 
air, prelien(.ed by pasHuife l.luamp;h the combustion chamber, is 
utilised for combustion of tin; i)roduccr k^s. Tlic produc.ts of 
combustion may or may not i)asK tbroUKli heat recovery units. 
With such a method of heating, it is claimed, a more even tem- 
perature ean be. obtaiiu'd than is possil)le with }>;cn{U’n(.orH burn- 
ins spent, waler-sas. One such unit showed a workins tempera- 
ture of 1)25'’ O. with a normal variation of d; 5” 0. On the 
other hand, tin' availnide ht‘at units of the spent water-p:aH, which, 
as shown in t he Inim^ practice are ude(|uate for tem])erat,ure main- 
tenance, will not be utilised unless special uses are found for such. 
In one i)lant t.he spent water-ji;aH is utilised in raising steam for 
the steaminji; jiliase. Accordinjj! to Ballingall the spent water- 
fi;u8 leaving the retorts may bo ruiscal in temperal.ure in a heat 
interchanger, and led through the navetion zone, of a gas pro- 
ducer. Ib're l lic carbon dioxide and steam arc partially reduced 
to combustible gases, which are then burned with an insuHicient 
amount of air around the retorl.H. A further addition of air 
then permits the completion of tlu' combustion ])rocesa and the 
hot gases are usial in the heat interchanger to jireheut tho gases 
leaving the retort system. It. is obvious that, in this mode of 
procedure, tlu! hiel iH)nsumj)tion is greater than in the simplo 
Lane procedure although po.ssibIy not so great as in the. case 
where heating is effected by means of producer gas alone. In this 
latter ease, a coke consumption of 30 cwt. per 100,000 cubic feet 
of hydrogen produced per day, in addition to that consumed in 
making the red\icing gas, is representative of average practice. 

A modineation of the Lane system up])licablc where a large 
hydrogen output is re(|uired, consists in (anploying three generator 
units each of 30 retorts for the reduction-oxidation cycle instead 
of dividing each unit into three sets of twelve retorts. In this 
case one whoh? unit is i)rod\icing hydrogen while the otlier two 
units are being rcsluced. It is evident that, with such an arrange- 
ment, an economy of valves and piping is obtained, since, to each 
unit one. sed, of valves in place of the llirtu! shown in the diagram 
(Fig. Ilia) are suHicient, In another modification, in use in this 
eo\mtry, the setting c-ontains but 12 retorts which arc larger in 
dimensions than those in the 30 retort units. 

As will be discuHsed in detail later, carbon and some sulphur 
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compounds generally accumulate in the contact muss. 'I'liosc 
bodies, which give rise to impurities in the hydrogem produc.ed, 
are periodically removed by blowing or pulling air througli tlie 
retorts. The accumulations are thus oxidised to carbon mon- 
oxide, carbon dioxide and sulphur dioxide. The ‘‘burning-oil’” 
process is accomplished either by comjircssed air from a blower 
or by means of a stcam-cjoctor which pulls llic air througli the 
retort system. The ‘‘burning-off” period follows upon a steaming 
phase and is followed by the usual reduction jicriod wilh water- 
gas. 

The life of the retort constitutes a factor of great importance 
in the economy of the multi-retort process, ‘fhe temiiernture. 
maintained and the attention devoted to the air-gas ratio used 
in the temperature maintenance largely (IctcTininc the length of 
life of a retort. The flame employed in the heating [irocess 
should be as nearly theoretical for complete combustion as is 
practicable. Excessive oxidation condiLions, esiiecially, cause the 
retorts to scale badly. The interior of the retorts do not suITer 
materially in the cycle of operations. With a working tempera- 
ture of about 650*^ 0. an average retort should have a life of 
12 months. The economy of alloys and alloy-steels callable of 
withstanding high temperatures deserves extended study by tho 
hydrogen manufacturer. 

The durability of the ore is a further factor of economic im- 
portance concerning which tho most divergent views are held. 
Average practice gives the ore a life of about 6 months, so that a 
retort of average life will bo charged and discharged twice, fl'lio 
usual method of procedure on discharging a hydrogen bench is 
to discard entirely those retorts in poor comlition, making up 
the new furnace with a scries of retorts either all new or all of 
approximately equal state of repair. After discharging, (.he ore 
is graded, the fine material being rejected and that of suitable kIkc 
being again used with a further supply of new ore,. On the other 
hand, in one plant known to tho writer, a much more fro({uent 
renewal of the ore is usual than in tho average practice. A re- 
newal, on an average once every two months is effected in this 
case, with the object of maintaining a high reactivity of the mu- 
terial and consequent high output of hydrogen from a single 
setting. The object of this will be enlarged upon in tho subse- 
quent discussion on the ratio of water-gas consumption to hydro- 
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f 2 ;(‘n produce'll. 1(, ih held in ihia ciiai; Unit the extra yield thus 
obtained more than balanecH the ext.ra eowt entailed in charging 
and discharging ore. 'J'hat tliis item is serious is evidenced by the 
devices now being introduced to facilitate the (t])eration. Demp- 
ster '■* proposiis to provide (.he retort with a perforated platform 
mouid.ed on a vertical shaft and c.npable of being raised or low- 
ered from i.op (.0 botl.om of (he l•(!(.urt in the lilling process. Pro- 
jections on (he iutermd wall of (he retort are provided, to guide 
(he platform, wliich rnay bo revidvi'd as well as moved vcrtic.ally. 
A more rec.eut patent, claim by W. J. and W. 11. Bates, calls 
f()r the UHo of perfondisl or open-work cages of varying mc.sh 
suitable for dilTerenb grades of ore. d’he coarsest material is to 
be placed in (he eagoa nt the bottom, the finest at the top of the 
retorts. 10xi)anded metal is used for the bottom and body of the 
cage, and removable lids are provided to close the top dxiring 
trnnsiiort. A (lunge or projection to fit the top of the cage next 
heueut-h it in the retort is provided for each. Eyea are fitted for 
('ugngement with a lifting and lowering appliance for use during 
charging or discharging. 

(b) The single! retort tyiie. -- -The single retort represents an 
att.i'inpt (.0 avoid some of the difficultieB inherent in the multi- 
retort system of hydrogen generation by the steam-iron process. 
'I’ims, since (‘xternid heating involves a comparatively small nar- 
row retort, (he unit retort system em[)loya internal htiating and 
a large eoninet. bed. A muro oven temperature distribution is also 
sought fhiireliy. The choiee of such a system is further deter- 
mined by conHidend.ions of wear and teiir in the multi-retort sys- 
tem, and idso of diflieultics and expense involved in the charging 
and discharging of the ore. 

This type of generator has been developed principally in 
( Jermany, hut a numlicr of such plania have been recently erected 
in this country and in Knglnnd. 

^'lle evolutinn of the single-retort unit can bo traced through 
the patent specifications of Messerschmitt already cited, The 
earlier designs called for cylindrical beds of material. Uneven 
temperature distribution apparently resulted, for various de- 
vices were patented to avoid fusion of the contact muss. The 
mass was split up into sections by plates, grids or screens of iron, 

>‘B. r>. lO-l.lMAOtO, 
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or by bars of iron placed vcrtic.ully. The latest, modifieutions 
of Messcrschmitfc plant sub.stituto for a (cylindrical bed of ma- 
terial a narrow annular column which may hcc heated by a cen- 
tral combustion chamber of ehecckc'r brick work, or may lac 
placed between two ehcecker britek columiiH, In this later tyjai 
(compare with Figure V following) water-ga.s is mixed with air 
insufficient for complete combu.stion and introduced into the cen- 
tral combustion chamber. The mixture there reacts and tlu; hot 
reducing gas thus produced is then passed downwards through 
the annulus of ore to bring about reduection of the oxid(! of iron. 
It is then mixed with a further (piantity of air and compUdely 
burnt in the outer checker brick charnbccr. It passes l.hence to the 
flues. After a suitable period of scavenging, steam is admitted at 
the top of the outer checker brick chamber which is now the 
hottest part of the unit, and is superheated whilst passing 
through the chamber. It then passes through the reduced ore 
from the bottom upwards. The steam-hydrogen mixture is drawn 
off at the top of the contact mass and is led to the imrilic.ation 
system. With such an arrangement of contact bed and eheeker- 
brick combustion chambers it is possible to reverse the course! 
of combustion and the directions of gas and steam flow. In this 
way a more even temperature distribution tiiroughout the bed is 
secured than is possible with a single combustion chamlx'r cen- 
trally placed. 

For such units, a cycle similar to that adopted in the multi- 
retort system also holds. The reducing pliaso normally occu- 
pies 20 minutes and the steaming phase 10 minutes. 'The sarno 
considerations hold with regard to modifications of proocidure 
in the two operations as in the multi-retort type and tli(*se will 
be discussed in detail in later sections. 

It is apparent that, with such type of plant, renewal of con- 
tact material is more easily effected than in the case of a multi- 
retort unit. It is doubtful, however, whether the same high jturity 
of gas can be secured with this type, since scavenging of the 
checker brick chambers in addition to the ore annulus is neces- 
sary. 

The patent to Griggs embodies the latest features of the 
single retort unit as evolved, during the war, from large scale 

”U. S. P. 1,225,202, 1,226,208 Or 1,226,204/lOlT. 
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operation of tlic process. AccunlitiK to the patent clainw, tlu! 
invention consists in providing a conilmstion climnher 1) 

V) at the lower end of the inner heating space and below the 
bottom level of the ore in the ore e.hjinilx’r, tiie .streams of .air 
and reducing gas being led in at tlu; bottom of l.lii! eombusl ion 
chamber by relatively inclined passages 10 to cause intermingling 
immediately the gases enter the c.hambcr. (lomiilel.i! eombust.ioii 
of the gases is thus caused to take jthua’ within the <'ombnsiitm 
chamber and below the level of the oia; cliainbcr, l lui inner heat - 
ing checker-brick work chamber J being used for heat, storage 
only. In order to facilitate still furt.luu' the rapid mixing of tlie 
air and gas the air supply may bo given a circular motion by 
arranging a tangential connection to the air box as at F in l.he 
accompanying diagram. The combustion chamber I) may be con- 
structed of such shape that it will as.si,st in promoting mixture 
and, thereby, combustion of the gast's, by increasing th(! tliickness 
of the fire-brick walls towards the ui)per end of the chumi)er. 
The inner side of the liner A is protected by a firebrick lining 
I which causes the life of the inner motal liner t.o be greatly 
lengthened. 

Scavenging is canned out by steam introdu(;ed through Uie 
reducing gas inlet C and passing successively thrtnigh the inner 
checker-work J, the ore annulus B and the outer air-ehamher 
to the wastc-gas vents K. The steam for the liydrogen imdvt! is 
then introduced at K the vents being now cloHcd and I In; hydro- 
gen withdrawn through P. 

The excess of combustible gas employed in tlio rwhicing pluese 
may be burnt by auxiliary air supplies introduced into the ouUt 
chamber by the pipes M and N, generating additional litait in 
the outer annulus and thereby conserving the tempernture of tlie 
iron contact mass. 

With such a method of procedure it is claimed that lim an- 
nulus of ore may bo maintained readily at an even and nut ex- 
cessive reaction temperature, whereas, in the older forma, the va- 
riation in temperature along tlic length of the annulua was very 
marked. Griggs^® states that with such an apparatus, hydrogen 
production can be carried out more satisfactorily than with any 
of the retort type processes. 


^•Byirogen Manual, Part II. 
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The p{it(‘nt to Abbott/^ uHnigued to the Improved Equipment 
(!(). of New York, sIiowh how, by ii series of 4 sin|>;lc retort units 
and a speein-1 heatinji; ehaiuber, a enntiniums prodiadion of hy- 
tlr()f»;(‘n by this sysUau may be ae.hieved. 

The eoiHientrie ore and combustion chambers of the Messer- 
sclimi(,t plant are all scparaUid in the patent of Bosch, which 
r(^pres(‘nt the naHlilh^ation of l,h(‘ steam-iron process as adver- 
tised by tli('- Anhaltis(!lu', Mas(thin(}ubau Aktien G(3ssel'- 

H<^hart. In this i>at(ait thr(‘i3 separate shafts are used, two checker 
J)ri(dc pr(5lK‘/d(‘rH and oiU! ore shaft. The reducing gas is first 
])ass(‘d through the onj and then eompletely oxidised with the 
addition of air in one of tlie eombustion (Jiambeiu The other 
combustion chamber is llien used to B\ipc'rheat the steam prior 
to ])aHHage through the reduced ore. In the subsequent cycle, 
the vC)\(\ of th(3 two ])r('heaterH is reversed and so, uimn completion 
of the two phuHCH of reduction and steaming, the state of the sys- 
tem is the same as at the beginning of such phases. 

Various other modifuaitions of the single retort unit are to be 
noted. One is due to Schaefer/'*^ who insists that to avoid over- 
heating in the coutac'.t nuiss by burning gases directly in the ore 
mor(’ than ihe theoretic.al amount of air must bo mixed with tlie 
wat(‘r-gaH, Bpitzer uhob a mixture of producer gas and excess 
of {lir to raise the temi)erature of the contact mass, uses water- 
gas for reducing the oxide of iron and burns the spent water-gas 
to Bupcudieat the steam. Moses has an apparatus which is a 
eoitihiiuition in one imib of sovonil features of the Mesaerschmltt 
and Bosi‘h types of plant, and aims at evenness of temperature 
(lisiribution by coini)lete freedom of action with regard to course 
of gas (‘ombustion and alternation of direction of gas flow. 

Operational Proccchvrc,— In starting a plant from cold the 
proc(‘duro will vniy with the typo of generator employed. A 
multi-retort unit with built-in producer will be brought to re- 
action temperature by starting the producer and burning the 
gas within the cornbuHtion chamber. With the Ijano typo of gen- 
erator; water-guH would ha burned ontBido the retorts until they 
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are sufficiently hot to promote; comluislion of u wntor-giis-uir 
mixture within the retorts. The heat of reuction is (hereby ab- 
sorbed by the contact mass which iinally acliieve.s a tempera- 
ture sufficiently elevated for reduction to he curried on. In the 
single-retort typo, the reaction material is raisetl to react am tem- 
perature by comhuation of the reducing gas with air within the 
reaction system. Thereafter, in every ease, a nornaU eyide of re- 
duction and oxidation may be maintained. 

The Reduction Ph< me . — The normal reducing agent employed 
is blue water-gas. Other teelmieal gases, such us air-produeer 
gas, semi-watcr-gas and special proihicer gases with high enrlmn 
monoxide content have all been tried and used, hut they are nil 
inferior to blue water-gas. This is doubtless diu* to the Iiigh eon- 
centration of inert constituents which such gases eontain whereas, 
with water-gas, these inert constituents are reducible to a mini- 
mum. The reduction jiroeess is liy no me.nns a rapid one and 
hence a high concentration of redueiiig agent is desinthle. As 
to specifications in the water-gas emi)h>yed. opinion is unanimous 
as regards the necessity of emidoying gas free a.s far ns pti.s.^ihle 
from dust and from sulpliur eompouiids. Therefore, the wjiler- 
gas is submitted to a rigorous seruhliing in a eoke-tilled .seruhher 
condenser and is then freed from sulphuretted liytlrugeu. Tho 
normal iron-oxide box treatment of the gas imluslry is u.siially 
employed for this purjawt — ])aH8age of the gas ihrongh lnrg<* 
rectangular or circular boxes filled with ii mixture of moist hy- 
drated oxide of iron and wood Hhavings to lighten the niatcTial - 
a ten-minute time of contact being sulHeieiit. Homo very recent 
investigations,®* have for their object Iho removal of the bulk 
of the sulphuretted hydrogen by scrubbing with u suspension of 
iron hydroxide in water, to be followed by a final puriliention by 
the normal box treatment. In tliia way tlio heavy cost tmo- 
ciated with the charging and discharging of the iron-oxitio box 
system may be reduced. 

Eemoval of dust prevents choking of the retorts with non- 
active or with carbonaceous material, lletnoval of Iho sul- 
phuretted hydrogen increases tlie eflicicncy of the process by 
minimising tho extent to which the iron contact nitise is con- 
verted into sulphide. This is harmful for several reasons, Hul- 

Seo for oxamplG ; Blvaag, B&o&rd, l#, ^10, 
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l)hi(Ie of h-oii tciulH to i)roniotc fusion of the reaction material 
at the temperat\ii'('s (uuployed. Also, tlie protective coating of 
Huli)hi(l('. (t(!(a'«^as('.s the exient of active amducc. Further, it re- 
acts partially with the steam and so introducea sulphur gases 
into the; hydrogen produced in (he succeeding steaming opera- 
tion. It must he, obsc-rvc'd, howta'er, that the iron-oxide box 
tretatment do(‘s no(, remove all sulphur (snuptamda from the water- 
gas. Clurbon disulphide and organic sulphur compounds in small 
concc-n (rat, ions rcanain in the water-gas and those produce, to a 
lesser extent, howevcT, the diaudvantages asHo<!iated with the use 
of a gas containing sulphuretted hydrogen. Indeed, it is prob- 
ably through hydrogen sulphide that the effect proceeds since, 
under the given ('onditions, the catalytic action 


(JSa + 2H,0 “ COa -h 2H,S 

readily oc.curs on passage of water-gas containing carbon disul- 
phide through the iron contact mass. 

ir!poci(i(!ationH on carbon monoxide, carbon dioxide and hydro- 
gem (aintents of the water-gas vary largely, and are adapted to the 
mode of operation employe<I. Thus, in one case, a low reaction 
temi)erature is employed and a water-gas <'ontaining a minimum 
of carbon dioxide, averagiiig 3 per cent, is employed. In this case 
(‘llieient reduction is attained and a low ratio of watCT-gas used 
to hydrogen prodiKicd is possible, tluis making for economy of 
operation. 

It is ai)i)OHito, at this point, to amplify the theoretical bases 
underlying this concept of water-gas-hydrogen ratio since the 
amount {)f water-gas consumed in the reduction process is an im- 
portant factor in the economy of the process. As pointed out 
earlier in the eimpter, the reactions occurring arc equilibrium 
processes, which, at the tempc^raturc's involved, are incomplete in 
either direct, ion. If the Himplifying assumptions be made that the 
reactions occurring arc 

(a) FcA+ CO"3FoO-l- CA 
(a') F(!„0* + II, -- 3FeO -f- H,0 

(b) 3FcO 3CO = 3Fo -h SCO, 

(b') 3FcO -f 3II, = 3Fe -|- 311,0 

and that they occur to equal extent as regards reaction of carbon 
monoxide and hydrogen it may bo calculated, from the c(iuilib- 
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rium data given earlier, that, of a watcr-gaH ctinijiuHod of ('(lual 
volumes of hydrogen and carbon monoxide, flu! lollowing per- 
centages of these gases would bo coiiHunu'd in Hk? reduet iuii proc- 
ess when equilibrium was established, at various operating tt-in- 
poraturcs. For more exact figures see Appendix I. 

Fc,|Oj-FeO Rkaction 


Temperature 

% Ih Consumed 

</„(JOCtynsumr<l\ 

IFu/cr-f/u.s.- 11 ., 

660 

42 

04 

1.8 

760 

66 

70 

1.6 

860 

66 

80 

1.4 

FeO-Fe IIeaction 

Temperature 

% //j Consumed 

% CO Consumed 

Waler'^irns: 

650 

30 

41 

2.85 

760 

33 

40 

2.77 

850 

41 

36 

2.63 


Now the volume of reducing gas oxidised in tlu' reduction 
process represents also the volume of hydrogen sulmctiuently ob- 
tained in the subsequent steaming process. Hence, it is easy to 
calculate the volume of hydrogen priKlueed from 2(K) voUiuiea 
of water-gas and hence the ratio of water-gas consumed to 
hydrogen which may be theoretically pnahtced. 'riieso calcu- 
lations are tabulated in the last column. It is at tmec c-vident 
that it would be more economical of wutcr-gas to work on tlic 
FcjO^-FcO cycle and this is largely recommended in practice. 
It must be observed, however, as reference to the cciuations at 
once shows, that only one-fourth the yield of hydrogen per 
unit of ore is obtained. 

Too much stress must not be laid on such calculations, how- 
ever, since they were made with certain simplifying asKumptiouM. 
It was assumed that equilibrium conditions hold over the whole 
reducing phase, which is not always true, especially towards tlic 
end of a reduction phase when the bulk of the surface oxide has 
been reduced. Furthermore, it was assumed that hydrogen and 
carbon monoxide were equally attacked whereas it is known 
that hydrogen is the more reactive reducing agent. Owing, how- 
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ever, to the ready interaction ol carbon monoxide with the steam 
procliKted by the oxidation of the hydrogen, according to the equa- 
tion of the water-gas reaction 

CO -1- 11,0 = CO, -1- H, 

(larbon monoxide also disappears rapidly. Indeed, when mcas- 
niH'd ovt'r a Buflicicntly short interval of time, the exit carbon 
monoxide', carbon dioxide, hydrogen and steam are present in the 
ratios doUirinincd by the equilibrium constant of this water-gas 
reaeition at the operating temperature (see Chapter III) . 

[CO] [H,0] 



[H,] [CO,] 

But, since tlic amount of oxide of iron to be reduced becomes less 
and l(?ss as the reducing phase continues, the relative amounts of 
ciirlxin dioxide and steam formed become less and less. This 
continuously changing extent of reaction with time vitiates any 
complete simple theoretical treatment. The point of view pre- 
sentixl will therefore bo regarded as suflicient to indicate in a 
(lualitativc manner the reasons why oonsidcrably more than unit 
volume of water-gas must bo consumed to produce one volume 
of hydrogen. 

In the later stages of the reducing period, when a large sur- 
face of reduced iron is exposed to the incoming gases, another 
catalytic action is rapid at the prevailing temperatures. Re- 
duced metals, more especially, nickel and iron, catalyse the re- 
versible reaction 

2C0 = CO, -f C. 

At a given temperature defmito eoneentrations of the two gases 
are in eciuilibrium with carbon. If carbon monoxide be in ex- 
cess, reaction occurs in the dire.ction of equilibrium with simul- 
(iinecms deposition of cjirbon. It is in this way that carbon is 
introduced into the contact mass, The carbon thus deposited is 
extremely reactive and yields, in the subsequent steaming phase, 
both carbon monoxide and carbon dioxide, the former of which 
is frequently a very detrimental impurity in hydrogen. 

To prevent deposition of carbon, various devices are used. 
Thus, the Dcllwick-Flcischcr purity-steam process seeks to ef- 

«»B. P. 21,470/1008. 
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feet this by iiitro(Iu(!iiig stoiun along vvilli tint reducing gas. Tti 
this manner, owing to the operation of the water-gas e(piilihriuiu 

CO + 11,0 ™ CO, -1- ir, 

the reducing agent becomes mainly hydrogen iind the ratio of 
CO, : CO is kept high, thus diminisliing (he (endt'iiey towards 
decomposition of carbon monoxide;. Ma.x(e(i,=" for lli<; sanu; 
purpose, utilises a reducing gas containing a ('(),.;{;() ratio 
definitely higher than that eorresjxmding to (he eeiuilihrium ratio 
in the reaction 

2C0 = CO, + C. 

The presence of carbon dioxide to the extent of at least (wie<‘ (lu; 
volume of carbon monoxide is advised. 

The same result is achieved in the proce(lure adopted in tin; 
most recent types of Messersehmitt filant. ''I'he reilueitig agent 
in this case is a partially burnt wator-gaa. Tlic earbon dioxide, 
carbon monoxide ratio is high and therefore prevents or reduces 
the deposition of carbon on the reacting suhstanee. 

From the tables of gas consumption in the redueing plinse 
already given it is obvious, however, that this preven(i(ui of 
carbon deposition is only secured at the expense of (la* ratio of 
water-gas consumption to hydrogem f)ro(luce(]. The exi)ense item 
for water-gas will be eorrespondingly incri-ased. hhirtliermore, 
the prcacnec of carbon dioxide ami steam umhtubtedly cuts 
down the rate at which hydrogen ami carbon immoxide act ns 
reducing agents. 

In actual practice, all variations la'twecn the two extremes, - 
(a) water-gas of low enrhon dioxidt; content, with rapid and efli- 
cient reduction with, howc'vcr, tendency to ciirbon de{U)siti(in 
and (b) high concentration of carbon dioxide with correspond- 
ing slower and less economic re(lu(;tion with less (endciiey to 
carbon deposition arc to bo found. Tlic actual pnK'ialure is 
governed by many considerations botli of teclmiciue and uf utili- 
sation of the hydrogen. 

Actual figures taken from a liydrogen jtlant of»c*rnting on the 
multi-retort system gave the following anulyses f(»r water-gas 
used, spent water-gas issuing from the retorts and tlie same 
after removal of the steam. 

I\ 12,OO8/il)10 ; U. B. l\ 1,253,022/1918, 
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II, 

11,0 

CO 

CO, 

N,, Etc. 

Wui(T-(}}iH((lry basin) 

50 


42 

5 

3 

Spent Water-Gas 

25 

25 

12 

35 

3 

Spent Water-Gas (dry 
basis) 

33.3 

i 

16 

46.3 

4.4 


I'lio plant in (nu'Htion wan opo.ratcul at a toinporaturc averag- 
ing 700" (1. In tia'. MeHser.sc.hmitt type of plant similar figures 
will 1)0 obtained for the original wivtor-gas. For the gas leaving 
the contact mass, (licrc will be a larger ainoimt of diluent nitro- 
gen ini.rodueed as lur in the prelimit\ary partial combustion in 
the eheeker brick chamber. 'The presence, of this diluent nitro- 
gen, lowering (he ])art.iid pressures of the actual reducing gas as 
wc'll !is the ulilisation of some of the reducing gas in the com- 
bustion proce.ss inevil id)ly results in a higher ratio of wntcr-gas 
consumed to hydrogen aetmdly i)rt)dueed in this method of opera- 
tion, 

'Tlie best praetiee in respect to wivtcr-gas: hydrogen ratio 
over a fair interval of time, in which the variable activity of a 
contact mass may be noted, seems to yield, in multi-retort units, 
a figure of 2.5 : 1. One volume of hydrogen is produced at the 
expense of two and one-half volumes of wid.er-gas. This figure 
refers to a i)lan(, containing many units with as nearly as possible 
continuous op()ration. Stop])age8 of the plant raise this figure 
considerably, since, in such eases, water-gas has to be consumed 
to nuTmlain retort temperatures during stoppages of tho plant, 
without corresponding liydrogen yield. With decrease in plant 
size and increased intermittency of working the wntcr-gas con- 
sumption rises markedly and hceomes a most serious cost item, 
tfnder such eonditi{)ns as much as 4-6 volumes of water-gas may 
be consumed. 

For large-scale operation with high c/neicncy in respect to 
water-gas-hydrogen ratio, the use of meters for both water-gas 
and hydrogen cannot bo too strongly urged. A constant check 
cun be kept in this manner on tho variation in efficiency of the 
process, with accidental variations in tcnii)eruture, with the vary- 
ing care with which the plant is operated and with the life of 
tho reaction material. Experience has sliown that such chock on 
the process tends continuously towards high operating efficiency. 
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Finally, with reference to the delivery of the reducing gaa to 
the retort system, care is needed to prevent the possibility of its 
contaminating the hydrogen mains. The reducing gas is generally 
driven from the generator, by means of a booster, through the 
purification system to a water-gas holder. The head of water in 
the holder is adequate to drive the gas through the retort system. 
It should be arranged, however, that this head of water is l(!.ss 
than that prevailing in the hydrogen mains. Failure to observe 
this has resulted in contamination much more serious than tiiat 
due to carbon deposition in the reaction mass. R. & J. Demp- 
ster, Ltd.,®’' of Manchester, England, provide a special automatic 
pressure regulating device with their plant in order to ensure the 
attainment of this pressure distribution. 

The Steaming Period . — The reduction phase is immediately 
succeeded by the steaming period. Delivery of water-gas is 
stopped and steam turned into the reaction system by the opera- 
tion of a single valve or a system of valves. 

For simplicity of discussion a unit of 36 retorts, operated as 
a whole and not in three sets of twelve, will be considered. Wit,h 
the dimensions previously given (p. 31) the internal volume of 
the retorts is approximately 160 cubic feet and the unit has a 
capacity of 3,500 cubic feet per hour containing two lO-minuto 
steaming periods. This yield of 3,500 cubic feet is by no nuians 
evenly distributed over the twenty minutes actually involved. 
As in the reducing phase, the active surface rapidly decroaHOH, 
in this case by interaction of the iron or ferrous oxide with the 
steam. The hydrogen yield, per minute interval, progressively 
decreases throughout the period to an extent determined by the 
activity of tlic contact mass. With fresh, reactive material the 
decrease in yield with time is much smaller than with an old, 
non-reactivc mass. In the average case, a yield of 250 cubic 
feet in the first minute’s steaming and one of less than 100 cubic 
feet in the last minute will be obtained. The variation in yield 
with time may be used, ns well ns the water-gas: hydrogen ratio, 
as a criterion of the reaction mass. 

The utilisation of the steam to yield hydrogen likewise pro- 
gressively decreases with time, over the given interval. The ac- 
tual ratio of steam to hydrogen varies with varying practice. In 
one case, in which an average amount of steam was consumed, 

« B. P. 16,898/1014. 
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(,lui sU^iini: Itydroi^cii nilio in Um HrKl', ininulc, wiih 5 mul, in 
Uid ImhI, niiiuilc. (if (lie run, as iimc.h as 7 : J, avcragin); Uu’oukIi- 
(Uit, a I'utiin nf d : I. Assinuiiifj; a frwi spaco of 75 piir (lont. inside 
(.lie rolini sysicni, ilie volume of water in WxJ retorts at the 

rommiuieement of steaming is 
1()()X75 

"" 100 


120 eiibie, feet. 


Willi a lirst minuiie yield of 250 eiibie feet of liydrop;en and a 
sU’fiiii: bydroKen ratio of 5 : 3, it is obvious that 

120 3 00 

— - X • X • ■ " 17 Hoeonds. 

250 5 1 

will b(‘ the time approximately oeeupied in removinfi; the sjK'nt 
wnler-Kas from the relort sysli’in. t'onseiiiu'ntly, for a period, 
varyiufi; from 15 In 30 seconds in praetieo, after the steam is 
UiriH’fl on, the Kesc’s swejit out by the ineomiuK Htoam follow the 
spent \va(er-Kas. 'I'hey are (hen directed inl.o the hydroKcn main. 
Hy means of (bis jieriod of "seaveiiKing” or "purging” the purity 
af (be hydrogen is mal-erially inereused. 

It is not iiossible, however, to eliminate entirely ibe presence 
af impurities in (be hydrogen iirodueed by (bis meauB. As out- 
lined in (he previous seeibm, unless a speeial modification of the 
reducing gaR is employed, carbon is dejiosited on the contact 
mass and sulphide of iron is formed. These substances react 
wiib (he sfenm to jiruduee carbon monoxide, carbon dioxide and 
■mipburetied hydrogen. A closer examination of (bo varying 
:‘oneen(.rnib)ns of carbon monoxido and dioxide at dilTorent in- 
tervals of (ho run has led to an interesting elucidation of the e.on- 
litions governing their formatbm. By means of a carbon mon- 
oxide reeonh'r, llideui and 'raylor^" were able to sliow that, at 
(be beginning of (.be s(,enming phase, (bo carbon monoxide was 
n’csent in greater conetaitratiun than at the end of a run. With 
uirbon dioxide the conditions were reversed. Ibus, a given sum- 
ole taken from the yh'hl of hydrogen during the first minutes of 
I, run showed a carbon monoxide concentration of 0.27 per cent 
ivliilo in (be laH(. miimles of (be same run (be concentration of 
die gas was only 0.1 1 per cetii., ('.loser ('xumiind.ion showed that 
die relative eoneonlralioiiH of carbon monoxide and carbon di- 


1010, H. so. 
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oxide were governed by the wuter gas eciuilibriuin afc the tem- 
perature of operation 

PH.,0 X PCO 

K= = 

Pl-I, X PCO., 

In the initial portion of the run Pi-j^o/PHj small, as already 
stated. Hence Pco/PCO, correspondingly large. At the end 

of a run where the ratio, steam to hydrogen, is very high, the ratio 
of carbon monoxide to dioxide is low. It is evident tliat the iron- 
iron oxide contact mass is acting as catnly.st, in the water-gas 
reaction, for the gases produced by interaction of the steam with 
the iron and the carbon deposited in the retort system. The car- 
bon produced during the reducing period is always greater in 
amount than the carbon which interacts with steam in the sub- 
sequent operation. An accumulation of carbon therefore occurs, 
the removal of which is effected by aeration as later outlined. 
The same also is true of the accumulation of sulphur as iron sul- 
phide, which reacts with steam and gives the hydrogen a concen- 
tration of sulphuretted hydrogen averaging 0.05 per cent. 

From these considerations it follows that the purity of the 
gas produced in the hydrogen generator is dependent on the thor- 
oughness of the scavenging process, the state of the retort mass 
in respect to carbon and sulphur accumulations, the aniount of 
steam used in the steaming process and the temperature at which 
reaction occurs. An average product with a steam: hydrogen 
ratio of 3 : 1 and an operating temperature of 650° C. gave the 
following figures: 

H, = 98.5 to 99%; CO, = 0.6 to 1%; CO = 0.2 to 0.3% ; 

H,S = 0.05% ; N, = 0 to 0.25%. 

In case carbon deposition is prevented by one or other of the 
methods quoted, the purity of the gas is considerably increased. 
Thus, Maxted quotes for the hydrogen yielded by his modifica- 
tion of the steam-iron process, a gas of the composition; 

H, =99.94 
CO =nil 
CO, = nil 
N, =0.06. 


»J. Soo. aiiem. Ina., 1917, ae, 779. 
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For tlio iittnininoiil/ of (his high dogroc of freedom from traces of 
uir or its eomponeiils it is nec.essary, states Miixtcd, to employ 
heated feed water for tlio boiler which supplies steam for the hy- 
drog(!n plant and to insiall tul)uliir condensers in preference to 
open water scu’ubbcrs. 

For the stciiniing procu'ss it is advisable to employ dry steam, 
an<l a working pressure of 00 (o 80 lbs. is usual. By superheating 
the steam slvill further eonsidc'rable advantage in operation re..sults 
both as to yield of hydrogen and diminution of disintegration of 
the eon(.aeb mass, fn the Lane system and modifications of this 
type it is usual i.o use the. steam at the iiressure named without 
any superlieat. Tlie exothermieity of the reaction is sufficient to 
raise, (he steam to react.iou temperature when the retorts are ex- 
ternally hcntctl and even (.o bring about a small increase in the 
temperature of the retort mass. In the single retort unit, the 
steam is partially superheated in the ehoekcr-brick chamber sur- 
rounding the contact material. 

The crude hydrogcu-stcam mixture, after leaving the genera- 
tor, passes to a scrubber condenser where it is freed from steam 
and then to a purification system in which the sulphuretted hy- 
drogen and carbon dioxide are removed. Removal of residual 
carbon monoxide retiuires a special process. In the earlier plants, 
a scrubber ctindenser was attached to each generator unit for re- 
moval of the steam. This involves an unnecessary duplication of 
plant and so, in more miHlern inHt,alIations, one large scrubber to 
several units is cin])loyed. The scrubbers arc generally coke- 
filled towers up whieh the gas mixture passes, with water flowing 
downwards over the coke, counter-current to the gas. For re- 
moval of the sulphuretted hydrogen and carbon dioxide, proce- 
dure varies in difTm'iit plants. In some plants both impurities 
arc removed simult aneously by passage of the gas through a sys- 
tem of lime boxes such as wciro used formerly in the gas indus- 
try and of (he same type as arc used in the removal of sulphu- 
retted hydrogtm. This treatment is economical of plant since 
only one act of four lime, boxes arc rcciuircd in addition to the 
booster necessary to drive the gas through the purification sys- 
tem. On the other hand this motliod of purification is costly both 
in material and labor. The lime cannot be renewed owing to 
the formation of calcium sulphide. The labor cost is high since 
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the action is mainly confined to the surface of tlvc material and 
frequent renewal of the lime is necessary. 

The alternative procedure in respect to puriluiatiou is to re- 
move the sulphuretted hydrogen first by iroflf oxide box treatment 
or by treatment with an iron oxide sludge followed by the usual 
box treatment for the final traces. The carbon dioxide is then 
removed in scrubbers using caustic soda as the absorbent. For a 
large plant this alternative procedure is the nuax; economical, 
especially if the spent soda absorbent be causticised and so util- 
ised continuously in the purification system. Patents to the 
Badische Co. (D. R. P. 302,555 and 303,292/1910) cover the use 
of aqueous suspensions of iron oxide for the removal of the bulk 
of the sulphides followed by the use of alkaline sus])cnsions of 
iron oxide containing oxalic acid for the last traces. Revivifica- 
tion of the spent liquor, in both cases, by blowing air through the 
sludge, is claimed. It is obvious that such a combination of 
neutral and alkaline absorbing liquors would suffice for both sul- 
phuretted hydrogen and carbon dioxide removal. 

Aeration . — The removal of carbon and sulphur accumulations 
by “burning-off” in a current of air, follows a steaming phase at 
regulated intervals. The frequency of the proc.css is governed 
by the standard of hydrogen purity to be maintained. Over the 
temperature range in question oxidation is very energetic. Sul- 
phur dioxide and carbon dioxide are the principal gaseous prod- 
ucts of oxidation and the magnetic iron oxide itself undergoes 
conversion to ferric oxide 

4FCj04 -|- O 3 = GFcjOa. 

The increase in temperature of the mass due to oxidation is 
marked and the admission of air must be regulated so as to avoid 
local overheating. By carrying out this process immediately 
after the steaming phase, this can be done and the danger of 
forming an explosive mixture within the retorts considerably di- 
minished. On completion of the aeration process it is also advis- 
able to sweep out the air with steam before turning the reducing 
gas into the system again. By this method of procedure the 
operation can be conducted with perfect safety. 

To render the burning-off process more complete, Blair and 
Ferguson*® have recently patented the use of enriched air ob- 


B. P. 148,064/1920. 
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tuiiicd by adding, to the air normally employed, oxygen from 
Huitublc aonreo. It may be presumed tliat the ox(,ra purity of the 
hydrogen thus obtained eomiaaisates for the inereased cost of the 
enriched air employed. 

27ic Thermal Balance of the Process . — From the usual ther- 
mal data for the rear. lions of the steam-iron process: 

Fe„0, -1- 2(10 - 1- 21 r„ r ^ 3Fe 4* 200^ -1* 211,0 — 18,000 calorics 

steam 

-h 4TT,() r.- - Fe„0, -|- 4IT, -|- 38,400 caloricis 

Htontn 

it is evident that the whole process should be exothermic, since 
tlio loss of heat in the reduction process is outbalanced by the 
hesat evt>lution in the steaming phase. 

The problem, however, is by no means so simple as such a 
statement would indicate. In the first place the data refer to 
reae.tion at room temperatures, whereas the reaction occurs in 
the interval (WO-HhO" C. Secondly, the above cciuations imply 
that the alternation is between metallic iron and magnetic oxide 
of iron, wlnu'cas test shows that a marked amount of ferrous oxide 
is prciHcnt after a rcduc{.ion phase. Furthermore, the first cciua- 
tiou implkis that e.arbon monoxide and hydrogen are equally con- 
sumed in tlie reduction ])roccss, whereas, as was previously 
pointed out, a greater proportion of carbon monoxide is ap- 
parently used uf). This undoubtedly arises from the setting up 
of the water-gas e<iuilibrium in the gases as they leave the con- 
tact mass, since hydrogen is known to reduce oxide of iron more 
rapidly than does carbon monoxide. 

A detnileil analysis of cacli of theso separate factors in the 
question of thermal balance leads to a very complex thermo- 
chomical prohh'in, the unsatisfactory nature of which is empha- 
sized by tlie uncertainty which attaches to the equilibrium data 
of the m^vt'ral gases and the oxides concerned (see p. 25). A 
simpler method of analysis is therefore substituted. 

It is apparent that tiic heat rciiuircd, at any temperature, for 
reduction of magnetic oxide of iron by hydrogen to any lower 
state of oxidation will bo exactly equal to that evolved in the 
subsequent reconversion of the material to the ferrous-ferric con- 
dition in presence of steam. From the equations 
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Fe 304 + 4C0 =3Fe + 4 CO 2 
SFe + 4H2O = FeaO* + 4 Ha 

or from the corresponding equations for ferrous oxide formation 
it is also evident that for every molecule of carbon monoxide used 
in the reducing stage a molecule of steam is used in the oxidation, 
stage, so that the net thermal change involved is the heat of 
the reaction 

CO + HjO = CO2 + Ha 

at the temperature of operation. This can be acc.urately cal- 
culated at any temperature from the thermal data for the heats 
of formation of these gases and from their specific heats, all of 
which magnitudes are known with great exactness.'''- Recent 
values for these quantities give a heat of reaction at 15“ O. of 
10,500 calories and at any other temperature t“ C, the heat of 
reaction is deducible from the equation 

Qt = 10,500 -h (t - 15) (- 0.535 - 0.0028t + 0.95 X 10 ‘’t» -J- 
0.1 X 10-%“) 

At the average temperature, 700° G., of a steam- iron process unit, 
this gives a result 

= 10,500 + 685 (- 0.535 - 0.0028 X 700 -f 0.96 X 10““ X 
700' -f 0.1 X 10-® X 700“) 

= 10,500 + 685 (- 0.535 - 1.96 -f 0.46 + 0.0343) 

= 10,500 + 685 (-2.00) = 10,500-1,370 
= 9,130 calories. 

For every gram molecule of carbon monoxide used up in the re- 
ducing phase (which may readily bo determined from analysis of 
the water-gas employed and spent water-gas leaving the retorts) 
the net positive thermal change is 9,130 calorics, when the re- 
action temperature is 700° O. Transposed into the units em- 
ployed in industry this amounts to 46.7 B. th. XJ.’s per cubic foot 
of carbon monoxide (at 20 ° O. and 760 mm. pressure), when 
the reaction is carried out at a temperature of 700° G. This 
value decreases slowly with increase of temperature. At 1,000° 
C., however, it is only some 10 per cent less. 

Reference to figures given in the preceding sections of this 
chapter shows that, of 100 volumes of water-gas, approximately 

■^Siegel; Z, phyaiJc, Ohemr,, 1914, 67, 64l« 
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30 volumca of curbou uionoxiclc and 25 volumes of hydrogen 
sull'er oxiduLiou in their pusHuge through a retort system at a 
working temperature of about 700“ O. h'or the production of 1 
volume of hydrogen, therefore, the water-gas consumed is 


— — =1.8 volumes. Furthermore, three volumes 

30 -h 25 55 

of steam arc used to produce one volume of hydrogen. Conse- 
quently, in tlio oxidation of one volume of carbon monoxide dur- 
ing the reducing i)haNe, the volume of water-gas passed through 


the system is 


100 

lo 


3.3 volumes of wut(\r-ga8 and Hubseciuently 


100 

"io 


y = 5.6 volumes of steam are used to oxidise the 

100 

56 


iron or ferrous oxide formed in the reducing phase. The mean 
molecular hcate of water-gas and steam are calculable from the 
equations 


Cp : Up = G.G86 + 0.00045 1 
Op: CO = 0.886 + 0.00046 1 
Op : HpO = 8.060 ■+■ 0.0006 t + 0.2 X lO-” t». 


With these data, the heat rcciuircd to raise 3.3 gram molecules 
of water-gas (1.G5 gram molecules Hp -|- 1.G5 gram molecules CO) 
from 16“ to 700“ and 5.6 gram molecules of steam from 100“ to 
700“ may be shown to bo 


086(3.3(0.786 0.00046 X 700) ) -|- 600(6.6(8.050 -f 0.0006 1 -|- 

0.2 X lO-H") ) 

= 16,050 -h 27,930 
= 43,980 calories. 


It is therefore evident that, while the chemical reactions oc- 
curring at 700“ 0. show a small positive thermal balance of 9430 
calorics per gram molecule of carbon monoxide oxidised in the re- 
ducing phase, this heat of reaction is not sufFicient to raise the 
temperature of the incoming water-gas and steam to the reaction 
tc-mperuturcH. 'rim cnlculations made, clearly show the neces- 
sity fur heat, otlmr than that obtainable from the total reaction 
process. The devices previously detailed, namely, the external 
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heating of the retorts, combustion of some of the water-gas within 
the retort system, superheating of the incoming water-gas and 
steam are all methods whereby the heat of reaction is assisted in 
supplying the heat required to raise the gases employed to the 
reacting temperatures or to keep the contact mass at the de- 
sired heat. 

The efficiency of such methods of maintaining reaction tem- 
perature can now readily be calculated in the multi-retort proc- 
ess, in which the spent water-gas, after removal of the steam, 
is all burned on the outside of the retort. In the case thus far 
considered the spent water-gas has the composition: = 25% ; 

HjO = 25% ; COj = 35% ; CO = 12%. In addition to this spent 
gas the first fraction of the hydrogen produced, the hydrogen 
employed in the “scavenging” of the retort system, is also burned 
around the retorts. About 10 per cent of the hydrogen yield is 
so consumed. In the case under consideration this would be 10 
per cent of 55 volumes produced after the reduction process, 
which involved 30 volumes of carbon monoxide and 25 volumes 
of hydrogen. 

Now, since 

2 H 2 -|- O 2 = 2ILO -f- 110,000 calorics 
and 2CO -|- O 2 = 2002 -\~ 136,000 calories 

the furnace efficiency is readily shown to be 


(43,980 — 9,130) X 30 X 2 X 100 
(25 -f 5.5) X 116,000 -I- 12 X 136,000 


= 40.5 per cent. 


Expressed otherwise, 60 per cent of the heat generated on the out- 
side of the retorts in a multi-retort system is not utilised in the 
reaction process. 

This result derived from theoretical considerations and ex- 
perimental data on water-gas and steam consumption is familiar 
to anyone who has had control of a stenm-iron process multi- 
retort unit. A major portion of the external heat generated is 
radiated into the surrounding atmosphere. The excessive amount 
of this heat loss is the more remarkable when it is remembered 
that no provision for possible heat exchange between inlet and 
exit gas or steam has been assumed. It is safe to say that, of the 
net thermal deficiency on the whole reaction (inclusive of heat 
required to raise the incoming gas or steam to reaction tempera- 
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iiirey) ])i'ol)ul)ly 76 por ('.(nil’, tumid be provided by bent exchange. 
AsHumiug snch tv ligure, ifc follows that the thermal cflioiency 
of the prof.cHS would be of the order of 8-10 per cent, in which 
cane 90 p(!r tuuit of the heat avtiihvblc in the spent water-gas is 
lost. 

An ai)proxiinate expe.rhnt'ntid check on these figures is given 
by sonic detenninations of Jmnden and Thorsell in Sweden who 
cidcidtduul the radiation from a plant producing 4,000 cubic feet 
of hydrogi'u per hour. 'I'he radiation Wiis deterinincd to be of 
tlie onler of 470,000 Kilogram tudorit's iier hour. Assuming the 
cidorilic, viduc of water-gas to be 75 Kilogram calorics per cubic 
foot, this correHiionds to tho consumption of (5,400 cubic feet of 
wtder-gas, or 1.(5 volumes of W!d'.er-gas per volume of hydrogen 
jiroduced. d'liis is of (he order of (5(5 per cent of the totid water- 
gas used in (he process. 

Rec.ord has already been made of the clTorts to minimise 
heat losses by (ho use of a single ore chamber instead of a mul- 
tiple r('tort system. No very considerable economies in water- 
gas consumption havi', liowcvcr, been recorded as a result of their 
use. Possibly (his is bocauac of the diffieulty of utilising spent 
water-gas largely diluted with nitrogen, as is the gas after use 
as a reducing agent in this type of plant. Also, reduction with a 
gas already containing a high concentration of carbon dioxide is 
relatively incnicicnfc. 

Jaiihcrt, in li’rcnch practice, attempts economy of reducing 
agent in multiple retort practice by working at a lower tempera- 
ture. The lu’aetienl effect of this is two-fold. A larger propor- 
tion of eai'lion monoxhle relative, to hydrogen in the water-gas 
is consumed. 'I'his is in accord with the eiiuilibrium in tho watcr- 
giis reael.ion: 

CO -h IT,0 ™ CO, -1- IT,,. 

I'lie ('.((inlibrium constant, 

r>co X Pn,o 

If - __ — L_ 

Pco, X Ph, 

decreases with deereasing teinpcTaturc (see pag(( Gl). In other 
words, carbon monoxide and steam concentration in the spent 
water gas decrease, while carbon dioxide and hydrogen conccn- 
irations increase, tho lower tlio reaction temperature. This greater 
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utilisation of the carbon monoxide means an increased positive 
thermal effect in the reduction process. At the same time, lower 
retort heats mean lower losses by radiation and less heat con- 
sumed in raising gas and steam to reaction temperatures. The 
lower limit to which this can be carried is governed by the re- 
activity of the contact mass. As the temperature decreases, 
reactivity, and therefore output per unit t)f contact mass, also 
falls. 

That attention is being directed in technical practice to a 
better utilisation of the spent water-gas is evidenced by a re- 
cent series of patents. E. and J. Dempster, Ltd.,““ of England, 
claim the use of spent water-gas for the earlier part of the re- 
ducing phase. Fresh reducing gas is then passed through the re- 
torts for the completion of the reduction and is then either 
passed away or conditioned for use in the earlier part of the re- 
duction phase. The conditioning provided appears to be the 
removal of steam. A later patent provides a method of control 
of waste gases burned, whereby the volume of the outgoing waste 
gases is restricted during the exothermic, oxidising or steaming 
phase and the maximum heating effect of the gases is obtained 
during the reducing phase. The controlling device is operated 
in connection with the hydrogen valve. 

Harger and Lever Bros., Ltd.,"* utilise the spent gas obtained 
after reduction of the iron oxide by passing it over copper oxide 
arranged adjacent to the iron. The heat of the reactions 

CuO -(-Ha = Cu -(- HaO -|- 20,300 calorics 
CuO -f- CO = Cu -(- COa -(- 31,700 calories 

is applied to heat the iron material. The usual steaming phase 
is then carried out and the hydrogen collected. This is followed 
by an air blast which serves to reoxidise the copper to copper 
oxide and by means of the heat of reaction 

2Cu -f Oa = 2CuO -f 75,400 calories 

supplies additional heat to the reaction system. The carbon di- 
oxide, hydrogen and nitrogen produced in the three successive 
stages of the process, reduction, steaming and air blast, may be 
separately collected. Owing to the exothermic nature of the ad- 

” B. P. 126,251/1918 and 120,260/1018. 

B. P. 181,847/1918. 

'^B, P. 181,684/1918. 
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itioiuil roncfciona in Uii.s ayKti'in il, ia to Ijo nuticiputcd tluit cx- 
inuil heating of any kind would be uimeiiesaary. The ratio of 
atcr-gas consiuned to liydrugen iji-odueod could, in such case, be 
;!l)t down to tliat rcuiuired by the cciuilibrivun data for the sev- 
■al gases in contact with iron and tiie iron oxides, whereas, in 
any installations now working, this ratio is greatly exceeded. 

The British tlxygen (Jo., Balfour and Bray ““ contemplate the 
jc of spent water-gas after an even more thorough purification 
lan claimed in the Dempster i)atents just cited. The spent 
ater-gas before re-employment is to be freed from steam, car- 
m dioxide and sulphur compounds, and then used in the retorts 
ir reduction purposes. 

The data already given enable one to determine the relative 
ilorific values of the hydrogen into the holder and of the watcr- 
is consumed. This figure, which is of importance when hydro- 
m is to bo put to use as fuel is, however, of secondary impor- 
nco in processes in which the hydrogen is used as a hydro- 
ination agent. From the calorilio data and volume relation- 
lips already given it follows that the calorific cllicicncy of hy- 
rogen produced to water-gas eonsumed is 

0.9 X cr) X 110,000 X loo 

— 49.8 per cent. 

60 X 1 lb, 000 -1- 42 X 130,000 


“B. n. 144,701/1010. 


Chapter III. 

Hydrogen From Watcr-Cas and Hteam. 

Theoretical . — ^In the watcr-gus generator, in nddition to hy- 
drogen and carbon monoxide, a small proiiortion of carbon diox- 
ide is normally produced and, tvs is well known, tlic percentage of 
carbon dioxide increases the lower the temperature of the fuel bed. 
Examination shows that this carbon dioxide is most inobtibly jn'o- 
duced from tlie carbon monoxide formcal in the initial reuetion 

C + H,0 = CO + IL 

by further interaction of the gas with steam according to tlic 
so-called water-gas reaction: 

CO -1- I-LO ~ CO, + ,TL. 

This reaction is in reality an equilibrium prottess, the dirviction 
of the reaction being governed by the tempv'raturas maintained 
and the concentrations of the respective compomiuts. The ve- 
locity with which the reaction occurs is largely dedtumim’d by 
the nature of the solid material in contact willi whivdi the reavi- 
tion is carried out. A number of substances accviku'ate the vvdoc- 
ity of reaction, by acting as catalytic agents. In the fuel bed of 
the water-gas generator it is probably tlie mineral constitiuaits 
forming the ash of the coke employed whicli as.sist in the jn'o- 
motion of the water-gas rcaction.*^ Actual ex[K!rimental deter- 
minations of the equilibrium in a range of tempc'ratures <>.xt(‘nd- 
ing from 686° C. to 1,100° 0. made by Ifahn Ivave permitted 
the deduction of an equation “ representing the variation of the 
equilibrium position with temperature. By moans of the eviua- 
tion 

, _ , PCQXPH,0 211G 

log K = log = - -I- 0.783 log T - 0.00043 T 

PCO, XPH, T 

* See Qwoadz, angew. Ohem, XDIfi, 1, t37. 

plmilo. Ohem, 1002 , Jfii, 706 ; 1008 , Jih 613 ; 1004 , ^8^ 786 . 

CO 
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I following {.iihlo of vuhicH, cxlrupoliitod below 700° C. but 
,ing tlio ('X|)(!i'im<'iitiil (IhI-h from Hint tcnipcrntiirc onwards, 
? been compiled. 

C. “lOO'’ 500" OOO" 700° 800" 900" 1,000" 

PCO ><P|I..O 

= - .-.--0.07) 0.15 0.82 0.58 0.90 1.25 1.02 

I’CO.XPjIa 

tlic high 1 ,cmpcratui'o of the wnter-giis generator, since the 
n'cnfrulion of hIcmiii will ninmllai\couHly be low, it is obvious 
d the concenlrul.ion of carbon monoxido will considerably cx- 
1(1 tliat of carbon dioxide. This is confirmed by the following 
lical arndysiH of a wni.er gas: 


IlydroKon 

.... 47.1 

Ciirboti inoruixidc 

.... 42.0 

(Darbon dioxide 

3.1 

Nitrogen 

.... 3.6 

Methane 

.... 0.4 

Sulphur compounds 

.... 0.2 

Water vapor 

.... 3.0 


(o, it is evident tliat, at lower temperatures, especially if steam 
prest'iit in excess, the production of carbon dioxide with simul- 
leous formation of hydrogen is favored. It is such conditions 
icli are maintained in incthoda of hydrogen production by 
ter-gas catalytic processes. 

As f,ho temperature is decreased, the rate at which reaction 
'urs is diminished, donseciucntly, in practice, a lower limit of 
:iratiiig temperature will bo set, below which the attainment 
equilibrium conditions is impracticably slow. The limit of 
fiperuturc will be lower the more cfricicnt the agency employed 
assist reaction cntalytically, after the manner of the ash con- 
it of the coke. Assuming a catalyst which enables the ro- 
.ion to proceed at a suflicient speed at 600" C. and a ratio 
steam to hydrogen in the exit gases of 2 : 1 it follows from 
1 ciiuilibrium data that the ratio of carbon monoxide to car- 
1 dioxide will bo given by the equation 


Ksoe 


O 


PCO ^PH»0 

W, PH, 
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PCO 2 

or 0.15 = X ” 

PCO, 1 

PCO i 

whence = 0,07 I 

PCO, j 

In other words, carbon monoxide will be present in the exit p;ases | 

to the extent of 7/lOOths of the carbon dioxide content In this | 

way, water-gas relatively rich in carbon monoxide and poor in I 

carbon dioxide may be converted to a gas poor in carbon mon- | 

oxide and rich in carbon dioxide. And since, simultaneously | 

with the formation of carbon dioxide, hydrogen is produced, the \ 

exit gases from an equilibrium reaction at 500® C. will be rela- [ 

tively rich in hydrogen. This is the fundamental basis of the I 

water-gas catalytic process as established technically by the r 

Badische Co. as a method of preparation of cheap hydrogen for 
ammonia synthesis. 

Theoretically, it is possible still further to depress the car- 
bon monoxide concentration in the exit gases from the water- 
gas reaction. From the expression for the equilibrium constant 

PCO X PH.,0 

K= 

PCO, X PH, 

it is evident that if, at any given tomperuture of reaction, mcan.s 
be adopted to diminish the concentration of either the carbon 
dioxide or hydrogen resulting from the change, the effect of this 
will be still further to diminish the concentrations of the reacting 
carbon monoxide and steam. Now it is not desirable to withdraw 
hydrogen as formed since this is the product desired. But, if ; 

the carbon dioxide concentration bo maintained as low as pos- j 

sible, the percentage of carbon monoxide will be correspondingly I 

lowered. A ready means of keeping the carbon dioxide concen- 
tration low is at hand in the utilisation of the fact that lime will j 

absorb carbon dioxide readily from moist gases even at 600° C. 
to form calcium carbonate. Absorption by lime continues until 
equilibrium is set up, at the given temperature, in tho reaction 


CaO -h CO, = CaCO,. 
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ow, all cvcay (,(!nii)onit.uro, there iB a derinitc partial pressure of 
irbon dioxide in (Hiuilibrium with the lime and ealc.ium car- 
mate, the diHHoeiatiua prcHHurc of ealc.ivim carbonate. This has 
3cn acamrately detenninod by Johiifiton “ and IniH been Khown 
I give the following values over the range of temperatures here 
(luostion: 

° (1. r,87 005 o:n 07i oho goi 711 

1.0 2.3 4.0 13.5 15.8 10.0 32.7 mm. 

Iiereforc, bo long as the wator-guR reaction be conductcid at 
!7'’ (!. in the presence of an exei'ss of lime tlie maximum partial 
’CHHUre of tlie carbon <lioxide, which may be present is 1 mm. 
cnee, simm, 

I’co Xi‘ii,o I’co Pit, 

K = — - — or = K — — 

Pco, X POO, Pn,o 

follows that by rci)re.ssing in this manner the carbon dioxide 
incentratioTi from a concentration of about 13 i)cr (aait, which it 
:mhl havt! in the exit st<‘am-gas mixture of the simple continuous 
tulytic proeesH already discus-sed, to a partial pressure of 1 mm. 
ai)l)roximat.ely 0.13 per cent in presence of lime, the carbon 
onoxido can bo dcpresHcd in the like ratio. The theory of con- 
loting the watcr-gaH reaction in presence of lime is the basis for 
c i)atenled proeesH of the Griesheim-Rhiktron Company, which 
rms the second mc'thod of hydrogen production from water-gas 
id steam which will receive consideration. 

The proposals embodied in a series of patents obtained by 
ieffenbach and Moldcnhaucr represent an attempt at a simpli- 
'd mode of operation of both these methods of hydrogen produc- 
m. The simplification attempted lies in the effort both to pro- 
ice water-gas and to throw the water-gas equilibrium over to the 
rbon dioxide-hydrogen side in a onostago process. By suitable 
2atmcnt of the carbon it is sought to increase its activity 
wards steam and at the same time to increase the reaction ve- 
:‘.ity of the water-gas reaction in the presence of carbon dioxide 
•sorption agents to such an extent that hydrogen and carbon 
oxide, substantially free from carbon monoxide, leave the fuel 
V, Am. Ofmfh. Hoo.t 3.010, 088. 
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bed. The details of such proposals will be discussed in the last 
section of the cluaptcr. 

The Continuous Water-Gas Catalytic Process 

OtUline of the Process. — Water-gas and steam are admixed, 
raised to a temperature of approximately 450° 0. by means of 
heat exchangers, and are passed over a suitable catalytic agent. 
The wiiter-gas reaction is brought about as represented by the 
equation: 

-h CO + H.jO (excess) = 211,^ + CO.^ -[- cxcc.ss steam. 

V ^ f 

Water Gns 

The sensible heat of the gases leaving the catalytic agent is given 
up to fresh incoming gases in the heat exchangers and the gas is 
then freed from steam in condensers. The resulting mixture con- 
tains about 2-3 per cent of carbon monoxide (dry basis) , the resi- 
due consisting mainly of hydrogen and carbon dioxide approxi- 
mately in the ratio of 2; 1. In the succeeding operation, the car- 
bon dioxide (30-35 per cent) and sulphuretted hydrogen arc re- 
moved, generally by washing with water under a working pres- 
sure of 15-40 atmospheres. The residual gas, containing approxi- 
mately 95 per cent hydrogen, 3 per cent of carbon monoxide, 
residual nitrogen and methane, may be used as such in certain 
operations or may be submitted to special purification processes. 

Catalysts for the Reaction. — A resume of the patent litera- 
ture will serve to indicate the various proposals which have been 
made to accelerate the reaction between the carbon monoxide and 
steam. 

Hembert and Henry proposed the use of fireproof materials 
at a red heat to promote reaction between water-gas and excess 
of steam. Read in B. P. 3,776/1886 suggested the use of metallic 
oxides as catalysts. The patent granted to Mond and Langer 
(B. P. 12,608/1888) claimed the removal of carbon monoxide and 
hydrocarbons from fuel gases by passage with excess of steam over 
heated catalysts, for example, nickel at temperature of 350-400°, 
cobalt at 400-450°. The hydrocarbons were said to be decom- 
posed, while the carbon monoxide was claimed to be practically 
completely eliminated. Ellworthy suggested the use of nickel or 
iron in a similar manner with a mixture of water-gas and steam 
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V. P. ;5r»r),52-V19()r)) , •vvliil(! tm (larliw piitciiil; of Pullnmn and 
worUiy (H. P. 2‘2,:M()/I81)1 ) itroposed l,o scpuruic the carbon 
xi(l(! by pr()(H'sses of dilTiishm and of fractional solution. The 
inpuMiiuo du (biK (hi Ijyons (h'r. P. 375,1 ()‘1/190()) c.lainied the 
: of iron oxide at (iOO". A year later Vi>j;nou (B. P. 20,085/ 
)7) ni)])lied for a i»ateat for a i)ro(^CHH aa above, using iron, or 
des, or ])latinum at red lu'at, but the applie.ation waa not 
nt(!d. I'llliH and lOldred (11. B. P. 854,157/1907) employed 
kel, iron, or niangaiuwc^ for (oitalytic, agcaita, using a apeeially 
igned Kuperheabul reaci.ion elininbta'. Nilher and Muller (B. P. 
186/191 1 ) HUgg(‘Ht the uwr of a eontnc.t luaaa of rhoduiin or pal- 
ium uHb(!HtoH at a working temperature of 800". A product 
itaining leaw than 0.4 per cent of carbon monoxide is claimed, 
is obvious from the ociuilibriinn conHidcrations already given 
it, at the. temiierature nlaled, micli a low content of carbon 
noxid(^ (‘(udd only be obtained by the use of a prohibitively 
go exec'SH of steam. 

The technical development of the process was undertaken by 
BadiHclie, Anilin und Boda Fabrik and resulted in a series of 
.cuts in the iidcrval from 1912 clown to the present time. It 
1 be seen that sciveral of the claims put forward by them arc 
irly anticipated in the preceding patents. Others, however, 
w definite modificationa of earlier practice. 

B. P. 26,770/1912, or its analogue U. S. P. 1,157,009, calls for 
carrying out of the process under pressures of 4-40 atmos- 
•nw at temperattires between the limits of 300 and 000“, using 
kc'l, cobalt or iron ns catalysts. I'lie increase in pressure fa- 
tates both reaction velocity and heat exchange. The process is 
bed to bo specially applicable to gases with small carbon mon- 
de content, tliongh no n'cord is available as to any technical 
isation of the patcnit, A somewhat lakir patent ‘ claims an 
)rovement for the maintenance of the requisite temperature in 
catalytic mass by the addition of air or oxygen. This gas 
be tidmittecl in sufTic.ienb amount to make the process thor- 
lly self-sustaining, owing to the heat of interaction of the oxy- 
with hydrogen. The steam required for the water-gas re- 
ion may be supplied wholly or in part in this manner. Various 
ents “ claim the uso of specially prepared catalysts composed 

‘B. I». 27,117/1013; U. H. P. 1,200, SOB. 

■B. P. 8,804/1018: 27,008/1018; V. B. P. 1,114,000; 1,118.007; 1,116,770. 
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of oxide of iron with suitable binding agents and of nickel incor- 
porated with various support materials. The use of catalysts 
containing nickel apparently tends towards the simultaneous pro- 
duction of methane since B. P. 27;963/1913 (U. S. P. 1,330,772/ 
1920) deals with catalysts with which the tendency to methane 
production is minimised or suppressed. The materials cited in 
this patent are numerous and the patent represents a distinct 
departure from previous claims in that the use of one or more 
promoters in conjunction with a substance acting as basic catalyst 
is covered. The principal claims are for iron oxide in admixture 
with oxides of chromium, thorium, aluminium, nickel, with other 
mixtures of oxides such as those of zinc, lead, copper, uranium, 
etc. A later patent® returns to the earlier claims of B. P. 
27,955/1913 and specifies forms of oxide of iron more rugged than 
the materials earlier suggested for use in technical work. Oxide, 
hydroxide and carbonaceous iron ores, employed either in bulk 
or brought into suitable form by powdering and admixture with 
binding agents are claimed as the catalytic agents. The minerals 
employed should preferably be low in sulphur, chlorine, phos- 
phorus and silicon. High temperatures arc to be avoided in the 
production of such agents, a limit being set at 650"^. Spathic 
iron ore, for example, when ignited below 650° gives an active 
catalyst. It is, however, friable and for technical use would prob- 
ably require pulverising and briquetting with a suitable binding 
agent. The claims of D. R. P. 284,176/1914 (U. S. P. 1,301,151) 
specify the use of the oxides of rare earths, especially cerium 
oxide, not, as in U. S. P. 1,330,772, as promoters to other oxide 
agencies, but as the basic catalyst with which other activating 
agents may be employed. 

The specifications of the Badischc Co. with respect to suit- 
able iron oxide ores exclude from use iron oxide obtained from 
the roasting of pyrites ores. The utilisation of this material in 
suitable form is the object of the patent claims of Buchanan 
and Maxted who protect the use of oxide of iron ob- 
tained by lixiviation of sodium ferrite. Such material is a by- 
product in the oausticisation of sodium carbonate by the Loewig 
process, in which roasted iron pyrites is used for calcination with 
sodium carbonate at elevated temperatures, with production of 

OB. P. 16,494/1914. 

TB, P. 6,476/1914, 
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iuiii ferrilc mul cvoliiliou of (‘urboii dioxide. The iron oxide 
lined lifter lixivialion of ilu^ f(UTi(,e in un iietivc Mgen(‘y for 
wuter-fiiJiH reaetion, tluq)reHen(‘(‘ of some undeooinposed ferrite 
jably uctinp; as un juixiliury aetivutor. A suiauK'ding })at'ent« 
ho same applicants chiiins the use of metallic, couples for in- 
,sc(l eJ(]l(den<y. Thus, by rciduc^lion of the iron oxide. obtaiiKul 
lie maniKU’ just staled and by immersion of the iron thus oil- 
ed in a solution of copjxa^ sal(-s, a nuitallii*. couple is obtainiul 
1 whi(‘li improviMl (‘oinuTsion aJ/ incrtiasiMl vt‘lo(uti(‘S is ob- 
ed. Similarly an iron-silver eouph' may be utiUs(‘d. 

So pulilislu'd data are availabU'. as t.o the relative ai'.tivitii'S 
lie many c.al.alytie accents (ute<I in I, his resume. Furthermore, 
[lytic, aelivity alone is no criU'rion of the suitability of a 
n substance or mixture for use in the process. The choi(*e 
a.talysfc is governed by a variety of factors of which catalytic 
vity is but one of iiuportanc.e. The robustness of the material, 
ocomnny of its preparation, density, Bcnsitivity towards 
ons, and to l.emperaturc (diange, are all features of the cataly- 
figent which rcapiire consideration and, in conjunction with 
, lytic a(‘.tivily, d(‘t(‘rniine tlie c.hoice, Tlie following table, 
ever, (H)mpil('d from experimental invest igations of the writer, 
serve i.o give a degree of oriemtation in tiu! matter of the rcla- 
aetivities of materials which have been i^liosen as types of 
eatalyi.ic agents claimed in the patent literature just dc- 
)(*(!. Tlie (•xperimental invesligation was made with a special 
1 of wa(*(‘r gas having a carbon monoxide content of 38 per 
Small amounts of catalyst as specified in tlic ta1)Ic, were 
l(>y(*d. The raUo of steam to hydrogen was such that, unless 
Twis(‘ staltnl, at (‘((uilibriiun at 500^ 0., a ratio IIjjO: 

: 1 was maintained. The speed of gas flow is indicated in 
column lu'a(l(‘(l, Space Vclocnty, which represents the volume 
ndcu^-gas jmsscal piT hour per unit apparent volume of cat- 
t. Idle numlxTH in the first column refer to the notes ap- 
Icd to tlie table. 

n. i». o/i77/tnM. 

TJiIm %vtH(»r gMH wiiM oIjIhIiumI from ii plnnt produclnj? hydroj^ou by tho 
'fiction prfK'OHN. A low tornporn turo wntor kiih 1h pi’odiiml rloli In liydrogon, 
In rn j’boii inonoxklo and rrlntlvoly high In enrbon dioxldo, (Soo p. 01, 

, IV.) Tho mvd In tb« oxporlnumtB luidot conHldoratloii Imd boon 
from Ha carbon dloxldo cmitont by preanuro water waablng and trontmrnt 
ctiiiBtlc Boda solution. Tlio main conatllucnta woron»s;67%; 00 2 = 88 %; 
5%. 
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Catalyst 

No. 

Constituents 

1 

Fe-Cr oxides 

la 

Fc~Cr oxides 

2 

Fc-Cr-Th oxid(\s 

2a 

Fc-Cr-Th oxid(‘H 

3 

Fc-Ni-Cr oxides 

4 

Zn-Cr oxides 

5 

Pb-Ur oxides 

6 

Fe oxide 
(bog iron ore) 

7 

Haematite 

8 

Fo oxide from Sj)atlnc 
ore 

9 

8 with Cr oxide 

10 

Bauxite 

11 

Pc oxide ex 
sodium ferrite 

12 

11 with Cu as (3oiii)lo 


Tam- 

yem- 

iurc 

Sparc, 

Vdority 

7<>co-, 

%CO 

450° 

0500 

~24.8 

1.0 

450 

7000 

24.7 

1.8 

450 

5000 

25.0 

1.2 

500 

9000 

25.2 

1.0 

400 

4()()0 

25.0 

1.2 

550 

2500 

8.8 

10 

515 

2000 

24.8 

1.7 

550 

720 

18.0 

10 

580 

1000 

20.0 

.... - 

550 

720 

22.3 

4 

450 

1000 

24.3 

2.3 

450 

000 

2.5 

30 

510 

1200 

15.0 

15 

485 

1200 

23.0 

3.0 


Notks on tuk Cataia'k'I’h 

1. From 85 parts ferric nitrate and 15 parts clininiium ni- 
trate precipitated as hydroxide and ignited at 500" (h’*' 

la. As in 1, hut lavpared Iry ignition of nil rates in stream 
of air and steam at 600°. 

2. From 195 parts ferric nitraie., 4 parts annnonium l)ielirn- 
mntc, 1 part thorium nitrate. Solution evapornietl and residue 
ignited at 500°. 

2a. As in 2, H^O/n^ ratio = 3:1. 

3. From 40 parts ferric nitrate, 5 parts nickel nitrate, 5 iiarts 
chromium nitrate. Solution prceijiitated with potasHium carbo- 
nate, precipitate washed, dried and ignited.*'-* 

4. Ignition of zinc oxide with twice its weight of chromium 
nitrate. 

«Cf. B. P. 27,003/1013. TI. S. P. 1,330,772/1020. 

'> Cf. B. P. 27,908/1018. U. S. P. 1,330,772/1020. 

»C(. B. P. 27,008/1918. 
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r>. From I? purt.H of loud nil.ral.c with oi)c of uranium ni- 
0 . 

[i. From Duloh ho^ iron or(‘, ouhtitiod in air for 2 hours at 

7. A coursoly powdorod samiihi of massive luiemufcito, heated 
iully to (iOO". 

h’rom liv(^ cos. of coursoly powdorod spathic iron ore 
1;<!(1 in a onrront of water pisis until (nirbon dioxide evolution 
tod. 

'Pho. rosithio. from 8, soidcod in sl.ronK solution of chro- 
m nitrate, dried and innitod. 

10. A coarw'ly powdorod Hutnple of banxito with moderate 
. content. 

11. Troll oxide from sodium ferrite.''* 

12. Troll oxide as in 11, reduced to metal, imnicrscd in cop- 
nitrate until some copper separated, then washed, dried and 

1 ."* 

ft is evident from suoli exporimcnits that catalysts consisting 
ho main of iron oxide, jirefctrubly with other oxides ns pro- 
ers will catalyse the water-gas rernttion rajiidly and cJTi- 
tly, since the data given in respeitt to the first three catalysts 
•esont approximately eipiilibrinm conditions under the con- 
:ins of experimoiit chosen. The writer has employed for largo 
c trials iron-chromium oxide catalysts and iron-chromium- 
lun oxide catalysts with complete success. 'They have been 
1 with and without the use of binding agents. The velocities 
ted above, however, are not realisable in large scale work- 
Available information secniK to indicate that the Badische 
employed iron-chromium oxide eutalysts upon a porous sup- 
altluingli they have been t^redittnl with the use of a porous, 
igy oxide obtained by reduction and oxidation of Swedish 
. ore. It is probable that a space veUxfity not exceeding 600 
sed in technical practice. 

Opcralianal /)cffit/8.--CtmHidcration may first be given to the 
0 of steam to water-gas employed. Assuming an exit gas 
peraturo of 660" and a catalytic, agent capable of producing 
ilibrium at tlie velwity of gas flow employed, it is interesting 

“Cf. B. r. n.-iTti/tiiK. 

“Cf. B. l». 0,477/iei4. 


to calculate the results obtained with various stcam-watcr-g 
ratios. Let us assume, first of all, eciual volumes of hydrog 
and steam in the exit gases. Then, since the ociuilibrium (uinsta 
is approximately 0.2, 


K = 0.2 : 


PCO, , , PH,0 


PH, 


X 


PCD, 

or — 0.2. 


PCO PCO 


The carbon monoxide would be approximately one-fifth the pt 
centage of the carbon dioxide. With a coiK-cntration of the latt 
equal to about 30 per cent it follows that the carbon monoxi' 
would be about 6 per cent. In practice, Ibis high residual co 
centration of carbon monoxide is not permissible and so resort 
had to an excess of steam which by increasing the ratio P|p^()/P] 
decreases the ratio P(X)/PC0. correspondingly. Apparently i 
economic balance is set up between excess of steam re(iuired ( 
the one hand and the quantity of carbon monoxide subsequent 
to be removed on the other hand. Endeavour is made to redu 
the carbon monoxide of the residual gas (dry basis) to leas tin 
3 per cent. From the equilibrium data this involves the use 
approximately 3 volumes of steam to one volume of watcr-gi 
and, with a fresh active catalyst giving api)roximately c(iuili' 
rium values, this ratio suffices. As the catalyst deteriorates wi 
use, however, and the attainment of equilibrium conditions b 
comes less easy, extra steam is added to compensate for tbi.s lo 
of activity. It is probably economical to use a catalyst no long 
than the period over which the requisite reduction of carbon moi 
oxide concentration can be attained without using more than 
volumes of steam to one of water-gas. For iron oxide catalya 
of the type named a “life” of six months may be assumed. ] 
the initial period of running, 3 volumes cf steam per volume ■ 
water-gas will suffice, while towards tlu; end, as much as fi' 
volumes will be in use. It should be observed, as perusal of tl 
equilibrium equation shows, that elimination of carbon moi 
oxide to negligible quantities could only be secured with pr( 
hibitive excesses of steam. Thus if 3 vclumca of steam redui 
the carbon monoxide content to 3 per cent at eciuilibriurn, it w: 
require 6 volumes of steam to reduce the percentage to 1.6 p' 
cent, 12 volumes to reduce it to 0.76 per cent, and so on. Su( 


(lUJUitiiic'H of Hteuin are economically impossible. Lowering the 
icmpca'atrUre at whi(5h the catalyst was active would assist some- 
what in obviating tlic use of such quantities of steam by lowering 
tlic value of K. 

As to stcuim an<l water-gas specdfications the following points 
may b(j (k^tuiled. Low pressure steam is adeepate for the process. 
A part of t ht^ reciuisite steam concentration may be obtained by 
passing tlic^ wat.er-gas counter-current to a stream of hot water. 
lOxhaiist steam may also be used. Steam at a pressure sufFi- 
(vient to operate an injec.tor for the water-gas has been employed 
in ord(U' to obtain an easily regulated mi.Kture of the two con- 
stituents. Idle water-gas employed should be made from a well- 
(U)ked coal as free as possible from undeconiposcd tar and hydro- 
carbon-yielding (‘-onstituents. Unsaturatc^l hydrocarbons retard 
the velocity of the roac.tion. Saturated hydrocarbons have no in- 
fluence on the reaction velocity but represent inert constituents 
difliciilt to ixanove from the residual hydrogen. For the same 
rc'ason, unless the hydrogen is to be \iscd for ammonia synthesis, 
th(^ nitrogcai eont(u\t of the water-gtis should be maintained as 
low as possible, simaj it is impossible to remove this constituent 
in t(*(dinical practice. In regard to other impurities, it is only 
n(‘(‘(*ssary to n^move me(duini(‘.al iitipuritios such as coke-dust, and 
this is elTeetiHl gem^rally by s(^rubbing in a mechanical scrubber. 
It is not/ lu’ci'ssary to rcanovc hydrogen siilpliide from the water- 
gas before' vise, siiU'V', in presv'nee^ of the excu'ss steam employed, 
tlu^ snlpldde is not (ixv'd by tlu* iron oxide e-atalyst, but passes 
on unufTe(‘tv‘(l and may be removed along with the carbon dioxide 
in a snbse*(iiu‘nt operation. Furthermore, the organic sulphur 
compounds prc'seavt in the gas are (‘.atalytically converted during 
the process to hydrogen sulphide and carbon dioxide. 

CH, + 211,0 ( X), + 2ILB 

Tlie efllmait gases from tlie catalyst (duunl)er are thus free from 
carbon sulphur c'ompounds which, ordinarily, arc difficult to re- 
inove and frc'ciucmtly are troublesome in the uses to which the 
hydrogcai is put, as for example in catalytic hydrogenation proc- 

eSBCH. 

The thermal effect of tlie reaction is approximately adequate 
to make the process self-sustaining. At ordinary temperatures 
the conversion involves the evolution of 10,600 calories: 



CO + H,0 = CO 2 + H, + 10,500 cals., 

and it may be calculated that, at a temperature of 500° the va- 
riation of the heat of reaction with temperature reduces this quan- 
tity to 9,650 calorics. A simple calculation based on the specific 
heats and quantities of the incoming and outgoing gases serves 
to show that the heat of reaction is sufficient to raise the tem- 
perature of an average reaction mixture by about 70-100° C. 
Obviously the actual temperature rise will depend on the com- 
position of the gas. If a high steam-water-gas ratio is used 
the temperature rise will be correspondingly low. Also, if a 
semi-water-gas is used in order finally to obtain a nitrogen- 
hydrogen mixture, the thermal capacity of the nitrogen content 
will also tend to diminish the temperature rise. Since the mean 
temperature interval through which the gases must be raised is 
about 450° C. it is apparent that a heat exchanger equipment 
capable of giving an 80 per cent heat regeneration with a tempera- 
ture differential of approximately 100° C. between inside and out- 
side gases would suffice to make the process self-sustaining. As 
the catalyst deteriorates in efficiency and as correspondingly more 
steam is used, the net increase in temperature, due to reaction, 
correspondingly diminishes. In such case, additional heat might 
be required. Provision should therefore be made to supply this 
heat from external sources. This can readily be done by using 
only the return tubes of a heat exchanger for the steam-water- 
gas mixture, maintaining the exchanger at the desired tempera- 
ture by combustion of some fuel-gas on tlic other side of the 
tubes. The gases leaving the exchanger system cannot be sen- 
sibly lower than 90° C. in temperature, since, otherwise, consid- 
erable condensation of steam would occur in the system. This 
steam is removed by cooling in scrubber condensers. Recent im- 
provements in the process have, however, been directed towards 
condensation of this steam and utilising the hot water thus ob- 
tained to saturate incoming gas with steam. 

The removal of carbon dioxide and hydrogen is the operation 
immediately succeeding the condensation of steam. The gases 
are compressed to about 25-30 atms. and scrubbed, counter-cur- 
rent, with water under the same pressure. The pressure chosen 
represents a compromise between several factors, including com- 
pression costs (which vary approximately as the logarithm of the 



lire), aolubiliiy of ^ns to ho roinoved and of tlie other 
L In ea,so iJio ^a.H is io Ix^ ns(‘d linally at liiglun' prc^ssures, it 
1)0 e(a)noitrKail to <‘on<luct i wat ('r-s<‘rubl)in^ a,t thc^se higher 
urc'S. In good |)ra(‘rie(\ a 30 p(‘r (‘(‘ut (‘xct'ss of water over 
r(Xpiir(Ml acx’ording to the t.lu'ond/H'al solubility data, for (xir- 
lioxid(^, is a,d(X|ua.t(^ to nxliKa' the enrbon dioxide eoiKaaiitra- 
from <‘irea 30 p('r o(‘nt* to abou(» 0.1-0.2 per (*ent. At the same 
the hydrog(‘n sulphith^ is nxlueed t,o n('gligil)le eoneentrations. 
oidd b(‘, noted that at in(‘reiisi'd prt'ssures the solubility docs 
iierease at a rate eona'sponding (dosely to Henryks Law. The 
of Wrobicavski *'* show the following solubilities in ecs. per 
[ water at 12.4” C. 

mrcinAiins. 1 5 10 15 20 

)ility 1.086 5.15 <).()5 13.63 17.11 

's of hydrogi'n in the proc'ess of water washing are also 
:ed, a(*.tunl {)ra(‘ti(’e showing a loss of us imi(‘h as twitje the 
'tdieal loss of 5 p('r (^ent. 

lodifuaition of the jinKHulure here outlhuHl may be introduced 
se the hydrogtm is re(iuire<l for purposes of ammonia syn- 
The alternative meiliods of operation aim at the produc- 
:)f a nitrogtaHliydrogiii mixture approaching that required in 
v'ntheti(^ proe(‘ss, Nj^ : 11^ : : 1 : 3. This end may be achieved 
ec'ral ways. '’Idius, for ('xample, the water-gas used may be 
tied by introdiudion of air into the generator during the 
ning phase, in such a proportion that the ratio of nitrogen 
alrogen or hydrogen-equivalent gas ((X)) will, at the con- 
m of the opcTutions, yiedd a nitrogen-hydrogen mixture of 
(xa‘ssury volumes ndaiions. The surnc^ moditieation may be 
about by utilising a portion of the 'd)low” gases from 
uitcr-gaa generator along with the water-gas from the '*run,^^ 
aiming phase. By another alternative, the necessary nitrogen 
be supplied in tlu^ forni of ordinary produ(‘.er gas. Piniilly 
possible to ir)troduee the nitrogen as air in the catalytic re- 
n. In this ease, a high thermal cfTect results and care must 
icrcised tlint tlio temperature elevation docs not become un- 
bigh, as, tliereby, the conversion eflicieney would be lowered, 
^ to the unfavorable e(}uilibrium conditions in the water-gas 
ion at higher temperatures. Attention should be directed to 
\ct that, by introducing nitrogen in these several ways, inert 


constituents in the form of the rare gnscs, argon and its associated 
elements arc introduced into the gas mixture. Tlicse gases ac- 
cumulate in a circulatory system of utilisation and, with methane 
also present, compel the adoption of a system of ^'blowing off,” 
whereby a certain fraction of the nitrogen-hydrogen mixture must 
be continuously lost in keeping the inert constituents below a per- 
missible maximum concentration in the operation of ammonia 
synthesis. 

Gas Composition FIoid Sheets. — The several stages wliich have 
just been discussed in respect to operational details may readily 
be comprehended from the appended tables giving gas volume and 
gas percentage flow sheets for a typi(;al operation involving an 
average blue water-gas and steam as reacting materials. Assump- 
tion is made that the equilibrium conditions are such that after 
leaving the catalyst (diambcr the gases contain 2 per cent by vol- 
ume of carbon monoxide, cnlciilatocl on the dry gas basis. 

Gas Vor;uMK Fi.ow Siiekt 


Stage of Operation 

IL, 

N, 

Cli] 

CO 

CO, 

JI,0 

Total 

Water-gas 

47.1 

3.6 

0.4 

42.7 

3.2 

3.0 

100.0 

Steam added 

47.1 

3.6 

0.4 

42.7 

3.2 

303.0 

400.0 

At catalyst exit 

87.0 

3.6 

0.4 

2.8 

43.1 

263.1 

400^0 

After condenser 

87.0 

3.6 

0.4 

2.8 

43.1 

4.3 

141.2 

After compressor (30 
atms.) 

87.0 

3.6 

0.4 

2.8 

43.1 

0.14 

137.0 

After carbon dioxide 
scrubber 

80.3 

3.25 

0.4 

2.5 

0.2 

0.1 

86.7 


Gas Percentaoe Plow Bheet 


Stage of Operation 


N, 

cih 

CO 

CO, 

H,0 

Total 

% 

Water-gas 

47.1 

3.6 

0.4 

42.7 

3.2 

3.0 

100 

Steam added 

11.8 

0.9 

0.1 

10.7 

0.8 

75.7 

100 

At catalyst exit 

21.7 

0.9 

0.1 

0.7 

10.8 

65.8 

100 

After condenser I 

61.7 

2.5 

0.3 

1.9 

30.6 

3.0 

100 

After compressor (30 
atms.) 

63.6 

2.6 

0.3 

2.0 

31.6 

0.1 

100 

After carbon dioxide 
scrubber 

92.6 

3.76 

0.45 

i 

2.9 

i 

0.25 

0.1 

100 
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<>om the gns volume How sheet it is appnrent that the ca- 
ty of the, (lutiilyst tmit, oxehuuger and (iondenser system must 
lUiulruplc 1.1 u! eapueity of the plant generating water-gas, 
ig to the excess of steam added. It will be noted that the 
lon dioxide scrubber also elTe(^ts the removal of some of the 
r gases, losses in this respect being both mechanical and due 
Dlution. Only in the case of hytlrogen is the loss serious, and 
it approximates to 10 per cent of the useful product desired, 
ill be noted that this loss accounts mainly for the diminution 
IS volume by c.onduet of the process. Thus, from 100 volumes 
niter gas only 80.7 volumes of the product result containing 
volumes of hydrogen. This would be diminished to 84.2 
.mes of total gas wore the lairbon monoxide eliminated, 
crtholess, it is obvious that not more than 100/80.3 = 1.25 
imcs of water-gas are reciuired in this process to produce one 
■mo of hydrogen in the product indicated as to purity by the 
lino in the gas percentage flow sheet. This is one of the main 
ons for the economy of the process as contrasted with those 
imds previously disiaisscd. 

Jomparison of the resulting gas mixture with the product 
i the liipK'factiou process, (diapter IV, shows a similar con- 
ration of carbon monoxide but a higher concentration of both 
;>gen and methane. The former of these two gases cannot 
lily be removed and so should bo diminished in the original 
.ir-gas if a low concen(,ration of impurities is desired. Accord- 
to some authorities, the methane coiwjentration is altered in 
water-gas catalysis by operation of one or other of the cquil- 

i: 

CO -f 3H, = CH, -I- H,0 
CO, -b 4H, Oil* -1- 2H,0 
2CO “b 2H3 “ Oil* "b CO3 

asscrtcid that, from an original gas containing no methane, or 
i one with as much as 10 per cent methane, the issuing gas 
X the catalyst contains approximately 0.5 per cent of this gas 
oned on (.he dry basis, free from carbon dioxide. Confirma- 
of this point would be of great importance, since it would 
)lo tlu! use of clicapcr starting raw material than water-gas, 
jxample, coke oven gas or producer gas. Preliminary experi- 

f.s hv f.liA wt»ifor lifvt/o ffiilArl t.n cmvfirrn VKiW hilt t.lin lYiJit- 


ter is deserving of the closest investigation. It may be said, ii 
support of the claim, that calculations on these three equilibria 
using the Nernst approximation formula, indicate methane con 
centrations of the order claimed, at 500^ C. 

Plant Details— A diagrammatic flow sheet of tlic process ai 
outlined in the gas composition flow slicct is given in the accom 
panying diagram. Fig. VI. The items of this system which cal 
for special treatment may now be discussed. 



(a) The Catalyst Unit — ^This consists esseiitially of an iron 
box to hold the catalyst material and devised to ensure an even 
distribution of the reacting gases and suitable thermal eciuilib- 
rium. The original technical units of the Badische Co. had a 
capacity of 25,000 cubic feet of water-gas per hour but the later 
installations were capable of receiving up to 35,000 cubic feet 
per hour. The apparent volume of catalyst required for this 


}r cniipui/ slioiild not bo niorc‘ tlinn 75 (nibic feet with a cata- 
of uv(‘ra^(‘ ollioitaH'.y, "Flu' mode of distribution of the 
lyst vurioH in' dillVniit planis. In one form the catalyst is 
,ained in a single circular bed the diameter of which is much 
ior than the d(‘pih. Apparcad.ly (be Badisebe Co, adopted 
ay form of <*onv(‘r((‘r similar to th<; familiar Grille contact 
huri(‘. a(‘id process conv(‘rt(‘r. 'riu^ (‘.atalyst is distributed on a 
ession of trays scparaic'd from (aub other by f>;as spaces. The 
intakes of ibis i-ype^ are sevenad, A friabh', catalyst may be 
I, sin(‘C the weij^bt tb(‘ bot tom laycTS have to support is mini- 
ul when the material is divided into several portions. Fur- 
Ufiore, ^diot-spots’’ and “short-einauts” in the catalyst bed are 
serious in the tray form of (umverter, since, between each tray, 
gas mohamles liave o{)portnnity to come to tcmi)eraturc 
librinm bedore imdcTgoing further conversion in the succccd- 
tray. Trays fneulitate the work of charging and discharging 
they render possible arrangements whereby the reacting gas, 
example, in this ease tlu^ steam, may be added in several 
es, eitabling thereby a (doscT thermal control of the process, 
s, it IB possible to (‘oneeive of the present operation being 
luc.ted in two units. In the first the major portion of the con- 
ion would be ac(‘ompliH!uHl. A further addition of steam at 
stage would cool t.lie nauvting gases down to a temperature 
enough to enable a lower eoiHunitration of carbon monox- 
to b(‘ reached in the scMuind unit of the converter. With a 
tiple unit eonvcu’tiT a varied secpience of units could be ob- 
ed BO arrang(‘(l that tln^ last stages of (he conversion were 
lys t^ffed^d liy (be most active caf/ulysi.. Sima) heat must be 
lerved if tin* proia'HS is to be thermally self-sustaining, the 
8 should nl! be heavily laggial wilb inside protection also, 
ns(. h(‘at loss, if possible. Fig. Vll representnS diagramrnati- 
such a selicane, with muK-ipIe heat exchange. 

[b) llmt Int(rchan(j(T.H,-"The design of the heat exchange 
it is of great import nnec since the fujl economy of the process 
^ on the B(df Hustaining fditure of the process in regard to 
) and Binc(‘, also, tlio cost of tlie necessary equipment is a 
liderable fratdion of total plant cost. It will be useful there- 
to emphaske sonic of tlio factors to be observed in inter- 

^Coiirtaij of i^hdmkml und MtHallurffical Dcscrlptioa of 


changer design. The rate of transfer is relatively independent of 
the thermal conductivity of the metal tube across which heat is 
being carried. Transfer is poor if the gas be flowing with stream- 
line motion since it can only, occur by conduction from layer to 



layer of the poorly conducting gas. Furthermore, the stationary 
layer of gas on the walls of the tube offers a comparatively high 
thermal resistance. If the gas flow exceed the critical vehxiity 
and the motion be turbulent, transfer of heat is miudi more ef- 



ficient. Also, the faster the linear vclo<‘.ity of flow the thinner 
is the stagnant layer of gas and so, the better the heat transfer. 
The heat transfer in calories per unit area per degree temperature 
difference per hour may be designated as the coefficient of heat 




transfer. This cot'dicient is tlcpcnde.nt also on tho diuinctcr of 
(he !ul)o, falling olT slowly willi incroaso in diainotcr. 

Tlio cconoinical sira^ of n li<‘at iidorclunwr unit lias yot to be 
deterniiucd. For the catalyst chainber of 3r>,()0() cubic, foot ca- 
pacity adopted by (be Hadiselie (to. (.be writer would sug- 
gi'st that a unit, containing not less than ],()()() scpiare feet of 
interchanger surface wouhl be a suitable unit. From some avail- 
able small s<'al<> data it. would seem that at least five such units 
wouhl be necessary for the total capacity of 35,000 cubic feet per 
hour. 'I'lie size of tube in the int.erchanger and their distribution 
would be set by tlu' linear velocity of gas How. This should be 
such that a linear velocity of (low of not less than 30 feet per 
second should bt* attaiueil in the coolest, iiortion of the heat inter- 
changer system. 'I’he volume of gas space inside and outside the 
intcrchungcr (uhes shouhl he approximately the same, a slightly 
larger voluiiH' hi'ing permissihle, however, on tho side taken by 
the return gases, since these are at the higher temperature. 

(\)ndenHiTH. 'I'hese are usually of (he .scrubber typo with 
water flowing over coke or some similar haflling rnntorial, counter 
current (o the gas to h<‘ freed from steam. A t.uhulur type of 
eondcimer is, however, npplieahle, in which ease the eondensed 
w'ater may be use<l as feed water fur the boiler \mit or to supply 
to the incoming wakT-gns n port ion of its steam requirements. 
The hot water from the seruhher eondensers may also be used 
for this purpose. 

Gm Comjircmor, For eompn'ssion of the gas t.o 25-30 atmos- 
pheres, double line three stage eotupresHors have been found to 
be eminently suitable. 

H'otcr Comprrmnr. This is usually a simple hydraulic pump 
delivering water against the given pressure of 25-30 atmospheres. 
Tt may he tiriven from a motor or tho power reiiuisitc may be 
supplied in part from a Felton wheel operated by means of tho 
exit water from tlie pressure water serubbers and in part from 
an auxiliary motor. Hjteeia! at(enti<in must be paid in the ease 
of tlie Felton wheel to the question of attack from the water leav- 
ing the scnibbers, sinc<', owing to the high coiaientration of dis- 
solved carbon dioxide, tho water has a vigorous corroding effect 
on iron. 



Scrubbers for Pressure Water Washing. — These are built of 
cast steel in order to withstand the prevailing pressure. In the 
Badische plant the scrubbers are tall narrow towers approxi- 
mately 1 meter diameter by 12 meters high, closely packed with 
Raschig rings or similar packing material. A better water distri- 
bution is obtained with this tall type of scrubber. Low efficiency 
was attained in one plant where this system of carbon dioxide 
removal was in use with a scrubber in which the ratio of height 
to diameter was only 4:1. Earthenware packing is preferable 
to iron packing, since the latter is attacked by the carbonated 
water produced in the process. The size of the tower should be 
such that a time of contact between compressed gas and water 
in a well-packed tower should be about 15 minutes at a working 
pressure of 25 atmospheres; at higher pressures, less time will 
suffice. 

Further Purification of the Exit Gases. — ^Reference to the gas 
composition flow sheets will show that the main impurities are 
carbon monoxide (2-3%), nitrogen (3-4%) and methane 
(0-1%), with small quantities of carbon dioxide and traces of 
sulphuretted hydrogen. The two last may be completely re- 
moved by scrubbing with alkalis or passage over lime. In the 
case of nitrogen and methane, which are present in the incoming 
water-gas, no satisfactory methods of removing the same have 
been developed technically. The elimination of such gases is a 
problem to be attacked in the original water-gas production.^*^ 
A variety of methods are possible for the elimination of carbon 
monoxide. These are so varied and so important that they will 
receive special treatment in a later chapter. 

The Griesheim-Elektron Process. 

Outline of the Process. — ^Water-gas and steam are admixed, 
raised to a temperature of approximately 450*^, and passed over 
lime in presence or absence of suitable activators. The water- 
gas reaction is brought about, carbon dioxide is absorbed by the 
lime and a gas mixture, consisting essentially of hydrogen, traces 
of carbon monoxide, excess of steam together with the nitrogen 
and methane content of the original water-gas, issues from the 
reaction chamber. The residual gas is freed from steam and may 

IT See, in this connection, Harger, Chemical Age (London), 1919, 1. 



Uieti 1 h! ul.iliscHl uh such or subuiittecl lo further purification 
processes. 

Idtcntlitrc. hd'Kiivu'. A jnitc'ut (,o (he h’rcnch inventor, Tcssic 
(111 Mol.ay claiius Ific pnnluclion of hy(lro)i;i'n by passing steam 
and walcr-gas, freed from sulphur, over heated lime. The re- 
moval of suliihur is (piite unnecessary as lime absorbs hydrogen 
sulphide and ealalyiieally eonverfs carbon disulphidi; in pres('nec 
of steam (o hydrogen .sulphide and carbon dioxide both of which 
are fixed by lime. 

(H, ■ 1-21 U -j- 21bS. 

The jiatent elaims of the Griesheim-Mlektron Co., (R. P. 2523/ 
1909; lOllenberger, U. H. P. 989,955) amplify the original claim of 
(In Mot ay in (hat, by addition to the lime, either slaked or caustic, 
of 5 per cent by weight of iron powder, which, however, would 
certainly be converli'd during the [irocess to iron oxide, the re- 
action may be greafly accelerated. The patent claims point out 
that the reaction is exothermic so that, not only is the process 
thermally self-sustaining, but that cooling is required in order 
to keep the temperature of tiu' ri'uction mass at or below 500° C. 
The thermal data relative to (he reactions are given in the two 
equat ions: 

I h,0 1 CO 1 1., f CO., 10,500 cals. 

CaO |-CO, ('aCO,, + 43,300 eals. 

A suitable method of conducting the process is outlined in B. P. 
13,0*19/1912, in which vertical towi^rs containing lime in the form 
of lumps are suggested. It is pointed out that the reaction is 
not confined to the surface but penetrates to the interior of the 
material. Furthermore, it is eluimed that, with lumps of lime in 
vertical towers, regeneration of spent material may be effected 
in situ. I'he n'sistanco of the material to such an alternation of 
reactions will at once be seen to bo of importance. In actual 
practice, it has been found that the tendency to disintegration is 
very great and that tho lumps of lime rapidly change to a pow- 
der, this factor constituting an important disadvantage in the 
process. A patent to Hiedler and Ilenko covers this same use 
of a tower of lime, (ho interval of temperature recorded being 

•■U. H. J*. 

'Ml. B. I*. i.isnstH. 


400°-750° C. A patent to Ellis covers the same ground as far 
as the essentials of the process are concerned. As regards mode 
of conduct of the process, Ellis would operate with chute con- 
veyors sending the lime downwards through the reaction system 
counter-current to an ascending supply of gas and steam. As 
specification for the lime, it is suggested that a liinestono low in 
magnesia should be employed. For activation, ])oth iron and 
manganese oxides are specified and special directions as to the 
preparation of these oxides are included. 

Mechanism of the Reaction . — ^The reac^tion has bcion the sub- 
ject of extended experimental investigation. Merz and Wcntln 
showed that carbon monoxide when passed over cahuum hydrox- 
ide yielded hydrogen with only a small content of carbon mon- 
oxide at reaction temperatures below visible redness. Engels 
investigated fully the influence of temperature, steam concentra- 
tion, catalyst additions and velocity of gas flow in the same 
reaction. According to Engels, the reactions in prcsctKic and 
absence of a catalyst are different. When catalysts arc absent, the 
reaction is essentially a solid-gas reaction in which the reacting 
materials are calcium hydroxide and carbon monoxide. 

Ca(OH )2 -1- CO = CaCO,, + H,. 

The later researches of Levi and Piva “•'' indicate that this reac.- 
tion proceeds through the intermediate stages of formate and 
oxalate. In support of this, the interaction of sodium formate 
and carbon monoxide to form hydrogen and carbon dioxide is 
instanced. Subsequent investigations by the same authors 
led to the conclusion that slaked lime could take part in the 
sodium formate reaction to the extent of lowering the decompo- 
sition temperature from 375° C. to 260° C. Experiments of the 
writer have shown that decomposition of pure sodium formate 
occurs with low velocity at 260° C., so that the influence of the 
lime is probably to accelerate the velocity of decomposition. 
Carbon monoxide and pure lime interact below 300° C. to give 
formate. Above this temperature calcium carbonate and hydro- 
gen are produced. To a small and very minor extent, the water- 

” Bar., 1880, 13, 718. 

” Dissertation, Karlsruho 1011. J. OaaWeuoM. 1010, «*, 477 and 408. 

Soo, Ohem, Xn4, 1914, $3, 810. 
ahem. Soo., Abstracts 1916, tlO, iU 625. 



giis rciuition l)c(.wccn wtciun ;uul (^arl)C)^ uumoxidc also takes 
pL-u^c wlion pure linu; alone is present. 

In presetuie of a catalyst, however, siudi as iron oxide, Engels 
points ont that the reacd-ion is quite dilTereiit. The main process 
is then the gas reaction 

CO + ITT) = CO., + 11, 

in contac't with the iron oxide. The slower reaction of carbon 
monoxide with calcium hydroxide undoubtedly occurs, but it is 
negligible in clTcic.t wlien compared with the catalysed gas reac- 
tion. The relative rapiditic^s of the two reac.tions arc shown by 
the following data with regard to a c.arbon monoxide — steam 
mixture containing 19 per cent of the former, at a working tem- 
j)eraturc of 500“ C., the gas velocity being measured at 20“ C. 
and referred to 1 litre of (mntact agent. 



Velocity 
of CO in litres 

CO con- 


1 per hour per litre 

centration 

Contact agent 

of contact agent 

in exit gas 

Calcium hydroxide 

12.5 

0.4% 

Calcium hydroxide 5% iron 

138 

0.2% 


Tho reaction velocity is increased tenfold by iron oxide with 
the given gas mixture. The steam concentration is also a factor 
of importance. In the reaction with pure calcium hydroxide a 
concentration of steam greater than that necessary to maintain 
the lime in the hydroxide state merely acts as a diluent. Also, 
since the hydroxide is the active agent and since, at 547“ C., the 
decomposition pressure of the hydroxide becomes one atmosphere 
it is not advisable to work at higher temperatures than 647“ C. 
With iron oxide present and the water-gas reaction predominat- 
ing, it follows from the considerations advanced in the preceding 
discussion of the continuous catalytic process that excess of steam 
is favorable to diminution of the carbon monoxide content. The 
temperature too may be as high as is consistent with the use of 
lime as absorption agent for the carbon dioxide produced in the 
water-gas reaction. 

Tiicso observations as to mechanism give point to the recent 
proposal embodied in the patent to Greenwood (B. P. 137,340/ 







1918). According to this patent, the produ(^tion of hydre 
from water-gas and steam may be effected liy first Iea<ling 
water-gas-steam mixture over iron oxide or preferably an ac 
catalyst of the type previously detailed (e. g., iron-ehrom 
oxides) to establish the water-gas equilibrium. By pass 
through a lime tower at the same temperat are t he carbon dio: 
present would then be removed as far as tlie eciuilibrhim com 
tration of the gas in presence of lime at the given t,(!mpera 
would permit. A further passage of the residual gas over 
other iron contact mass cotdd then be undertaken, with a co 
spondingly further diminution in the carbon monoxide concen 
tion. The gases could then be cooled, the excess steam condei 
and the carbon dioxide eliminated by any suitable means, f 
is, therefore, a proposal to separate the two reactions, the wa 
gas reaction and carbon dioxide absorption which occ.ur sir 
taneously in the process of the Grieshcim-Elcktron Co. anc 
make of them successive reactions which could be rcpcatc 
necessary. With a separated catalyst and absorption ager 
more efficient promotion of the water-gas reaction can 
achieved with the more active forms of catalyst, the activit; 
which is subject to diminution when submitted to the high t 
peratures necessary for regeneration of the spent lime. Exp 
mental test of this view, undertaken by the author at the i 
gestion of Greenwood, fully confirmed its accuracy. Lower f 
concentrations of carbon monoxide were obtained with suc.ccs 
layers of catalyst, lime and catalyst (Fc-Cr oxides) than wii 
mixture of lime with five per cent of iron oxide. Consider! 
higher velocities of gas passage were attainable for the s 
purity of product. 

Operating Details . — ^In the main, the considerations obt 
ing in the continuous water-gas catalytic process are applicabi 
this process also, so that extended discussion is not necessary, 
should be observed however that, as the totid hciit of rcactic; 
in this case increased by the heat of combination of cai 
dioxide and lime, the net heat effect of the reaction is stroi 
exothermic. 

CaO -f CO ■+■ H,0 = CaCOa -f -f 53,800 calories. 

It would therefore be necessary to operate a cooling system ■< 
the process in order that the exit gas temperature should be 


jficiently low to favor low carbon monoxide concentration. The 
suggestion has been made that this cooling should be effected by 
means of water tube coolers and that the water so heated be 
utilised to raise steam for the process. 

The additional factor of importance in the process is the 
saturation capacity of the lime for carbon dioxide. Experiment 
has shown that with the lime in the form of a coarse powder half 
the theoretical capacity of the lime for carbon dioxide may be 
utilised at 500° C. without sensible increase in the carbon monox- 
ide content of the issuing gas. On this basis it can readily be 
calculated that for a gas such as is treated in the pressure water 
scrubbers of the continuous catalytic process (see p. 74) the 
quantity of lime needed per 1,000 cubic feet of hydrogen pro- 
duced is of the order of 100 lbs. It is probably this factor of 
high lime consumption and the disintegration of the lime with 
repeated calcination, which constitute the main disadvantages of 
the process and militate against large technical operation. No, 
case of large scale use of the process can as yet be recorded. The 
above data show that with a unit producing 35,000 cubic feet of 
hydrogen per hour a supplementary lime burning plant of 42 
tons capacity per day would be required. For purposes of am- 
monia synthesis it is doubtful whether even the gas thus pro- 
duced would be sufficiently free from carbon monoxide without 
additional purification. The stated purity of the gas product is 


Hydrogen 95.5-97.5 

Carbon monoxide 0.0- 0.2 

Methane 0.3- 0.5 

Nitrogen 2.0- 4.0 


The discontinuity of the process involved in the alternate ab- 
sorption of carbon dioxide by lime and subsequent calcination of 
calcium carbonate doubtless means high labor charges as con- 
trasted with the continuity of the pressure-water-washing process 
followed in the continuous water-gas catalytic process. Mechan- 
ical troubles in the distribution of the lime, in a form suitable for 
absorption, might also be anticipated. Offsetting these difficul- 
ties, the operation may be conducted at atmospheric pressures 
but, for hydrogen for ammonia synthesis, compression of the gas 
would ultimately be necessary. 

It is possible that the process might find application in the 



removal of residual carbon monoxide from gases i)rodueed 
other methods. With small carbon monoxide coruicntrations 
technique of the process should be very much simpler. 

Dieffenbach and Moldenhaucr Process. 

Outline of the Process. — ^Water-gas is produced, the water- 
reaction is effected and, in some proposed modifications of 
process, the carbon dioxide formed is absorbed, in a one-at 
process, by the passage of steam through a bed of find inipi 
nated or intermixed with materials whicdi tend to lower 
temperature of interaction of carbon and steam. In this i 
it is proposed to carry out in a single opcjration tin; seW' 
reactions which are involved in the two preceding proc.essc'f 
hydrogen production. The net reaction would therefore be; 

C + 2H,0 = CO, + 2II,. 

Thus far, no technical application of the process has been 
corded nor does there appear to be any immediate i)rospect 
such application. 

Literature ResumS. — ^An old patent to Tcasio du Motay i 
MarcchaP" calls for the production of hydrogen and carl 
dioxide by heating fuel with lime or caustic soda. Anticipat 
the claims of Dieffenbach and Moldenhaucr are tlic proposah 
Krupp ““ in which steam is c.auaed to interact with fuels iinpt 
nated with hydrates or carbonates. The carbon monoxide e 
centration is tlicreby suppressed and any carbon dioxide p 
duced may be removed by passing over heated lime. In a se: 
of patents various materials arc suggested by Dieffenbach i 
Moldenhaucr to lower the temperature of interaction of ate 
and carbon. Coke impregnated or admixed with chlorides, e 
phates or sulphides is said to be sufficiently reactive at 600° 
Substituting a silicate as added material a temperature inter 
of 550“-760° C. is covered. The last patent of the scries ad 
cates the production of the reaction material by pulverising 
materials, grinding to intimate admixture and briciutdting 
powdered product. Operating at the low temperatures state< 
carbon monoxide concentration not exceeding a few tenths of < 

"B. P. 2,548/1807. 

••B. P. 8,420A892. 
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per cent is the extent of this impurity recorded as present in the 
resulting gas. A later patent advocates the use of lime in ad- 
dition to the catalytic agent to act as absorbent for the carbon 
dioxide produced and consequently to lower also the carbon 
monoxide concentration. As an example of such procedure the 
use of coke, with an impregnation from a 10 per cent potassium 
carbonate solution and admixture with five times its weight of 
lime, is cited, the reaction temperature being quoted as 550°" 
750° C. The Griesheim-Elektron Co.^° adapt this idea to a pro- 
cess operating under a pressure of 10 atmospheres with charcoal 
or lignite as source of carbon and lime or baryta as activator. 
With the former, a region of temperature between 600° and 800° 
C. is suggested. With the more expensive baryta lower tempera- 
tures are possible. The reaction may be conducted, as is the 
generation of water-gas, with an alternate air blow and steam 
run. The net thermal effect is still strongly positive, in spite of 
the endothermic nature of the reaction between carbon and 
steam, owing to the heat of formation of calcium carbonate. 

C + 21i,0 == CO, + 2H, — 19.6 Kg. Cals. 

CaO + CO, = CaCO, + 43.3 Kg. Cals. 

The steam run should therefore be proportionately much longer 
in this case than in the case of water-gas production. 

A patent obtained by Prins specifies other catalytic agents 
for the same reaction. Two or more catalytic agents are to be 
employed, one or more from each of the two following groups 

(a) oxygen containing salts of the alkali or alkaline earth metals 

(b) inorganic oxides or hydroxides which behave as non-volatile 
weak acids or acid anhydrides, as, for example, B2O3, Al^Og, 
AlgCg. Oxides of iron, chromium and manganese may also be 
incorporated. These, doubtless, are intended to promote the 
water-gas reaction as in the two processes previously discussed. 
The specified temperature interval is between 300° and 600° C. 
As an example of a mixture operative at 400°-500° C. the fol- 
lowing is cited: Ca^ (PO4) „ 1 part; Sand, 2 parts; Coke, 20 parts. 

Oeneral DiscMSsion , — No experimental data can, as yet, be 
cited to illustrate the efliciency of such processes or the possi- 

=**B, P. 8,734/1910. 

2“ I). R. P. 284,810/1914. 



bilities inherent in such for tcclinicul applioat,it)n. The tcs' 
their practicability will lie largely in a detennination of the 
tainable minimum of carbon monoxide concentration under t( 
nically feasible conditions. The proces.se.s would be of b 
value as alternatives to the two preceding processes unless 
concentration of carbon monoxide obtained was eciual to or 
than two per cent, since, if such a concentration were cxccc( 
new and, doubtless, expensive methods of carbon monoxide 
moval would be necessary. 

The reactivity of the carbon is ci'rtainly a function of 
nature of the carbonaceous material employed as well aa of 
catalytic agents added. Hence, it is possible tiuit certain tj 
of carbon might find applicuition where coke would be of li 
use. The problem of availability of such fuels would then 
come important. 

Given a technically feasible reaction process, the plant 
quired would be comparatively simple and inexpensive consis 
mainly of a generator and of the apparatus necessary for 
preparation of the reaction material in suitable form. Pub 
isers, mixers and briquetting machines would seem to be indica 

The gas, after production, would retjuirc removal of car 
dioxide and then of carbon monoxide. It is unlikely that i 
ficient lime could be incorporated in the reaction mixture 
absorb all the carbon dioxide produced whilst still retaining 
necessary cheapness of materials used. 

Experiments conducted by H. A. Neville under the di: 
tion of the writer have yielded results of considerable into 
from the standpoint of mechanism in such a one-stage pro( 
The catalytic effect of alkali carbonates has been shown tc 
very much more pronounced than that of any of the other < 
tact agents named in the literature rfiaumfi. Good water- 
reaction catalysts, such as iron oxide, have little or no effee 
speeding up the interaction of steam with charcoal On 
other hand, the catalysts found for such reaction with stcjim 
identical in nature and effect with catalysts for the intcractio) 
carbon dioxide and carbon. Furthermore, experiment has revci 
that carbon in presence of potassium and other alkali carbon; 
adsorbs much larger quantities of carbon dioxide, at a tempt 
ture of 445° C., than does the same carbon in absence of 
alkali carbonate, although this latter shows no specific adsorp 
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capacity for carbon dioxide. The reactions occurring in this 
process are therefore, in all probability, to be ascribed to a suc- 
cession of reactions 

(1) C + H,0 = CO-fH, 

(2) CO +H2 + H20 = C02 + 2 H 2 

(3) CO 2 +C =2CO 

(4) 2CO + 2 H 2 O = 2CO, + 2H,. 

The catalyst apparently performs two functions: (a) it cleans the 
the surface of the carbon from fixed-oxygen complexes so mak- 
ing the carbon more reactive; (b) it catalyses reaction (3) above 
and so increases the yield of carbon monoxide which is then 
transformed by reaction (4) into carbon dioxide and hydrogen. 
A full discussion of this problem will form the subject of an 
early publication in the chemical literature. 

See Lowry and Hulctt. J. Am. Ohem. Soo. 1920, ^2, 1,408. 



Chapter IV. 

ITydrogcn From Water-Gas. 

For purposes of ammonia synthesis and for hydrogena 
processes, hydrogen has been prodiuicd tcelmically by the i 
cessive removal of the various other gaseous constituents of wa 
gas. Of the operations involved, the removal of the cai 
monoxide is the most important and this has been accomplis 
by the physical method of liquefaction. The divergence betv 
the boiling points of hydrogen and carbon monoxide coupled i 
the facilities now obtaining for the attainment of the low tern; 
atures requisite, render such a process technically feasible. 

The sequence of operations, in outline, is as follows. Wa 
gas as produced is freed from dust and steam by an cine 
scrubbing process. Hydrogen sulphide is then removed by 
oxide box treatment or by other suitable means. (St:c p. 
The gas is next compressed and freed from carbon dioxide 
traces of sulphuretted hydrogen by washing first with water 
dcr pressure and then with sodium hydroxide solutions. W 
vapor is next removed by refrigeration in an ammonia refri 
ator system. Thus freed from the principal minor impuri 
the water-gas, still under pressure, passes to the liciuefac 
system in which the bulk of the carbon monoxide and nitre 
together with minimal quantities of carbon-sulphur compoi 
and pliosphorus compounds are separated in the liciucfac 
process. The uncondensed hydrogen passes away with si 
amounts of uncondensed nitrogen, methane and carbon inonoj 
The carbon monoxide may, if so desired, be riimoved in su 
quent processes of chemical treatment. 

This sequence is indicated tabularly in the following 


Operation 

I-h 

CO 

CO^ 

H^O 


etc. 

Total 

Water-Gas 

Iron oxide box treat- 

52 

34 

6.6 

3 

0.4 

4 

100 

ment to remove H^S 
Compression to 20 at- 

52 

34 

6.6 

3 

... 

4 

99.6 

mospheres 

Pressure Water Wash- 

52 

34 

6.6 

0.15 

1 ... 

4 

96.75 

ing j 

Pressure Caustic 

47 

31 

0.1-0.5 

0.13 

• • • 

3.7 

82.13 

Scrubbing 

Ammonia Refrigera- 

47 

31 

— 

0.13 

1 

... 

3.7 

81.83 

tion at — 35° C. . . . 
Liquefaction at — 205° 

C 

(a) Uncondensed hy- 

47 

31 




3.7 

81.7 

drogen fraction 

40 

0.75 

• • • • 



0.35 

41.1 

(b) Liquid fraction . . 

7 

30.25 

— 


... 

3.35 

40.6 


process as regards removal of carbon monoxide and nitrogen may 
be gained from an examination of the accompanying diagram 
(Fig. VIII) of the vapor pressures of liquid carbon monoxide 
and nitrogen at temperatures in the neighbourhood of their boil- 
ing points.^ It may be seen, however, by comparison of the 
typical analysis of the uncondensed hydrogen fraction just given, 
with the simple data of the diagram, that the latter are not 
adequate in themselves to enable an exact forecast to be made 
of the percentages of carbon monoxide and nitrogen present in 
the hydrogen fraction. For, from the data in the figure, the 
nitrogen vapor pressure in equilibrium at a given temperature is 
always greater than that of the carbon monoxide, whereas, in the 
hydrogen gas obtained in practice, the nitrogen percentage is 
never much greater than one third of the total impurity. A 
complete knowledge of maximum attainable separations at va- 
rious temperatures could not be obtained without a special study 
of the gas-liquid phase relationships of various mixtures of 
nitrogen and carbon monoxide. Furthermore, the eflSciency of 

^Nitrogen by li'iscber and Alt cited from Abegg. Vol. III. 3. Carbon 
monoxide data by Baly and Donnan. Oh&m. Boo. 1902, is, 919. 
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scpurution of the condensed mists of carbon monoxide and 
gen determine in part the final concentrations of those ga 
the hydrogen obtained. The j)roblcm has a further eompli 
factor in tlic solubility of hydrogen in the licpdd mixture. . 
however be concluded from tlu; diagram tliat to get a satisfi 
removal of nitrogen and c.arbon monoxide the attainmc 
temperatures below 73“ Abs. is essential. The technical irn 
by which this is accomplished dilTerentiate the processes 
thus far have been proposed. 

The Linde-Franh-Caro Process . — This process was opi 
by the Badischc Co. at Oppau in threa; units, each of a caj 
of 35,000 cubic feet of hydrogen per hour, as the source < 
drogen for ammonia synthesis in the earliest stages of the 
nical development of the Haber process. A unit of 17,000 
feet of hydrogen per hour is in use at Selby, Yorkshire, lOn, 
by Messrs. Ardol, Ltd., for purposes of hydrogen supply 1 
hydrogenation of oils. Similar plants are in opertition in E' 
So far as is known, this process has not been attempted 
technical scale for hydrogen production in this country. 



The essential features of the process are covered by U. S 
Patents 727,650; 728,173; 1,020,102; 1,020,103; 1,027,862; 1,027,- 
863. As actually operated, the liquefaction process is conducted 
in three stages. The purified water-gas, freed from hydrogen 
sulphide, carbon dioxide and water vapor in the manner alread}^ 
indicated in outline, leaves the ammonia refrigeration system at 
— 35° C. It is next cooled by heat exchange with the uncon- 
densed hydrogen fraction leaving the liquefaction system. Ordi- 
narily, this hydrogen is still at the working pressure, in the aver- 
age case, 20 atmospheres. An additional cooling effect could be 
obtained by allowing the hydrogen to expand to atmospheric 
pressure either with or without the performance of external wort 
before entering the interchanger, but this is not done in technica’ 
operation of the Linde system, because of the advantage, in the 
subsequent utilisation, of having a compressed gas. The enter- 
ing water-gas, cooled by interchange with hydrogen is next par- 
tially liquefied in a secondary cooler, composed of coils, on the 
outside of which carbon monoxide-rich liquid is allowed to vapor- 
ise at atmospheric pressure. The latent heat of vaporisation o 
the liquid is withdrawn from the entering gases and partial lique 
faction is thus attained. Finally, the residual gas mixture is freec 
as far as practicable from carbon monoxide and nitrogen stil 
present in the gas by passage through an auxiliary cooler oj 
liquid air, boiling under a reduced pressure of several millimetres 
the lowest practicable temperature being thus secured. The twe 
fractions are separated; the hydrogen fraction passes to the pri- 
mary heat exchanger, the pressure on the carbon monoxide-nitro- 
gen liquid is released and the liquid mixture is driven over to th( 
secondary cooler for vaporisation. This method of procedun 
is illustrated diagrammatically in the accompanying figure 
(Fig. IX.) 

A variety of modifications of such practice have been sug- 
gested, more especially with a view to obviating the use of liquic 
air as additional cooling agent. Where the hydrogen is requirec 
for ammonia syntheses it is obvious that the use of liquid ai] 
simultaneously offers a source of nitrogen, since, all that is re- 
quired in addition, is a suitable fractionation column, to separab 
the oxygen and nitrogen. 

By allowing the hydrogen leaving the chamber, in which sep- 
aration of carbon monoxide has occurred, to expand, with per- 
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formance of external work, an additional coolinir clTccfc ma> 
secured with further separation of c:irhou monoxide. It wil 
seen that this observation of Linde is a siH-cial h'uture of 
Claude (Soc. L’Air Licpiide) proce.ss to lie described in d( 
later. Humboldt ^ allows the liydroK('n-rich fraction siinpl.^ 
expand to normal pressure, additional carbon monoxiile is 
posited and the hydrogen passes on to the preliminary heat 
changer to cool the incoming wat er gas. d'lie Hadische Co. (D 
P. 285,703/13) .claim the u.so of a water-gas enriclKsl by cur 



Fig. IX. Diagrammatic Iteprem^atatlott of Llado- Frank Caro Ll^n^aetlon Fro< 

monoxide and nitrogen from the vaporisation process* Since h 
these gases show a large positive Joule Thomson effect, ex 
cooling is realised per unit of hydrogen pro<!iic*cHl. In this v? 
supplementary liquid air cooling is to be iivoidecl. As far m 
known, this project is not in technical urn. 

The Claude Process.—According to the claims of Claud 
the compressed and purified water-gas is pre-coolcd in twin hi 
interchangers, one half of the water-gas by the vaporised carb 

*F. P. 446,883/1912. 
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monoxide, the other half by the expanded hydrogen. After pass- 
ing through these preliminary coolers the two water-gas streams 
unite and pass to the separation system which is in reality a com- 
plex tubular reflux condenser. (See Fig. X.) In the lower half 
of the tubular system the external cooling agent is the vaporising 
carbon monoxide-nitrogen fraction. In the upper half, hydrogen, 
which has been expanded with performance of external work, is 



ffici. X. Diagrammatic Representation of Clanao Llauefactlon Process. 

utilised. The separation of the carbon monoxide occurs within 
the vertical tubes. The progressive lowering in temperature with 
increasing height of the tube may be noted. The lowest end of the 
tubes are surrounded by carbon monoxide-nitrogen liquid vapor- 
ising at atmospheric pressure. Through a coil immersed in this 
liquid there passes also the compressed carbon monoxide liquid 
from the collecting vessel ih the base of the separator. The com- 
pressed liquid is thereby cooled. In an auxiliary heat exchanger, 
expansion of the liquid to atmospheric pressure occurs and the 




liquid flows thciu^c, first to a tank in the uppermost portioi 
the lower half of the separatory system, and then to the It 
half. The gases, from which much of the carbon monoxide 
been removed, therefore, come in contact witli the coldest c:u 
monoxide liquid. The litpiid is taildcst bec.ause it contair 
certain proportion of dissolved hydrogen which lowers tlie I 
ing point. In the upper half of the separator the process 
simple heat exchange between compressetl and expiinded hyi 
gen-rich gases. If the auxiliary heat exchanger and the tanl 
the upper portion of the carbon monoxide section be elimina 
simplification ensues, but the purity of hydrogtai obtained is 
so great. 

Composition of the Two Gas Fractions.— As shown in the 
composition flow sheet previously given, approximately 41 
cent by volume of the original water-gas emerges from the lie 
faction process in the hydrogen-rich fraction. The carbon n 
oxide fraction comprises a further 41 per cent of the orig 
water-gas, losses in the preliminary purification process reprcsi 
ing some 15-20 per cent of the total gas input. 

The normal purity of hydrogen obtainoil corresponds do 
to a gas of the following composition: 


Hydrogen 97-97.5 

Carbon monoxide 2- 1.7 

Nitrogen 1- 0.86 


Of the total impurity, approximately two thirds is car 
monoxide and one third nitrogen. In steady operation, the va 
tion is slight, but, if operation be intermittent, the percentag 
impurities is consistently high. For the first few hours a 
starting up the system it is difficult to attain a purity higher t 
96 per cent hydrogen. The gas prepared by this process is 
markably free from wati'r vapor, sulphur and phosphorus c 
pounds, though this freedom is attained with simultaneous 
crease of operational difficulties. For, at the working temp' 
tures, these impurities are solid and gradually accumulate in 
coils of the liquefaction system causing stoppages. When s 
choking of the coils has occurred, it is necessary to stop the p 
ess, warm up the system and thaw out the impurities. As a ( 
sequence, an extra liquefaction unit is to be recommendec 
serve as a standby for use in such emergenciM. 


The carbon monoxide-rich fraction averages 75-80 per cent 
carbon monoxide and contains in addition some 10-15 per cent 
of the original hydrogen content of the water-gas. 

Utilisation of the Carbon Monoxide Fraction , — The carbon 
monoxide-rich-gas, after evaporation, is utilised as a source of 
power for the whole plant. Thus, in the Badische plant at Oppau, 
operating with the Linde process, each unit of 35,000 cubic feet 
capacity was equipped with a gas engine, of 500 H. P., which 
consumed the carbon monoxide produced by the Linde system. 
In yet another plant, of smaller capacity, a larger engine (Nur- 
emberg-Lilleshall) of 800 H. P. was installed but this plant was 
not operating to full capacity. The power thus furnished is ade- 
quate for the whole of the plant requirements. From a single 
main shaft driven by the gas engine there may be simultaneously 
operated (a) the water-gas compressor, (b) the air compressor 
for the liquid air, (c) the water compressor for the carbon di- 
oxide-removal plant, (d) the ammonia refrigeration plant, (e) the 
blowers for the water-gas plant. 

Plant Details . — The water-gas compressor is of a capacity 
equal to two and onc-half times the hydrogen production. A 
double-line 3-stage compressor, raising the pressure to 300 lbs. 
per square inch, has been found suitable for the larger units. 

For air compression in the Linde system a 5-stage air com- 
pressor is recommended. The capacity of this compressor varies 
largely with the conditions under which the process is operated. 
The actual needs of auxiliary liquid air or nitrogen are small 
owing to the high efficiency of the heat exchanger systems and the 
care bestowed on the lagging of the plant. Where, however, utili- 
sation may be made, as by-products, of the nitrogen and oxygen, 
which may be obtained, it follows that the size of such require- 
ments and the available power capacity of the plant will de- 
termine the size of the liquid air auxiliary. In the Oppau plant 
sufficient liquid air was produced to supply the nitrogen require- 
ments of the ammonia synthesis section of the plant. 

Plant and operational details in the case of the pressure 
water-washing process of carbon dioxide removal will not receive 
extended discussion at this point since they received such treat- 
ment in the account of the operation of the continuous water- 
gas catalytic process. (See Chapter III, pp. 79-80.) 



' Since carbon dioxide and water vapor arc solid at tlic toinj 
aturc of liquefaction of carbon monoxide the removal of tl 
impurities must be most rigorous. (lun.s('(iu('ntly, tla; gas a 
treatment with water under pressure is freed from tracct 
carbon dioxide by a supplcnuintary s(-rubbing proe,cs8 u: 
caustic soda liquor. This may best bo accomplished in a p 
sure scrubber (sec p. 80) or by passage through a serie> 
pressure wash bottles. Thus, for a plant treating 41,000 ci 
feet of water-gas, four steel wash bottles 3 feet in diameter 
12 feet high, worked in sets of two, each set for 12 hours c; 
are adequate for complete removal of the residual carbon dio: 
from the water-washing process. 

The ammonia-refrigerator plant is of the usual typo as fa) 
the production of the low temperature is concerned. The sys 
to be cooled consists of a set of coils through the, interior of wl 
the gas to be freed from water is pas.sed. It is necessary, h 
ever, to provide duplicate sots of the coils in wliich the gas un( 
goes the cooling process since they become chokc<l by separai 
of solid impurities, mainly ice, and must at intervals bo tha' 
out. The capacity of the plant is readily determined by 
volume of water-gas treated and by the maximum moisture < 
tent of the gas at the working pressure. 

General Remarks on the Ejficienvy oj the. Procass. -The p 
ent high cost of fuel centres interest at once on the ratic 
water-gas consumed to hytlrogen output. The data alrtuidy gi 
show that this ratio is 2.5 to 1, or in other words practically 
same value as in the steam-iron prcMioss whei» systematic 
controlled. In the present cuso, the extra gas is use<l to pro( 
power for plant operation; in the steam-iron prtwess it is used 
maintaining the reaction temperature. In the latter process, b 
ever, an additional fuel bill for sUmuii for the hydrogen mal 
reaction is generally incurred, though it is undoubtetlly true 
this could be more than supplied in a well-onlcrcd plant f 
the waste-heat of the process. On water-gas consumption 
merits of the two processes are therefore about e(iual, both, li 
ever, being more expensive in this regard than the water-gas ci 
lytic processes previously considered. Plant cost, involving f 
charges on a large amount of rapidly moving heavy machin 
ghpvild be relatively high. Renewal, however, should be less f 


in the steam-iron process where deterioration of the retorts and 
disintegration of the contact mass represent heavy items of ex- 
penditure. A much higher purity is readily attained in the 
steam-iron process than is possible in the simple liquefaction 
process. The product in the latter case, with a 2 per cent carbon 
monoxide content, is frequently impossible of use without special 
purification. Consideration of the methods of such purificatior 
will be specially dealt with at a later stage. They all involve 
however, additional expense. Where such purification is not 
requisite it is often desirable owing to the higher efficiency o: 
utilisation that is possible. Thus, hydrogen from the steam-iror 
process is undoubtedly a more efficient agent for the hydrogena- 
tion of oils although the product of the simple liquefaction proc- 
ess is in use for such purposes (Bedford-Erdmann process) . Ii 
the Linde system, the nitrogen obtained represents an item ii 
favor of the process when the hydrogen is to be used for am 
monia synthesis. But, the best commentary on its efficiency ai 
contrasted with the water-gas catalytic process hydrogen fo: 
purposes of ammonia synthesis is that the Badische Co. a 
Oppau, and later at Merseburg, built all units, subsequent to th' 
first three, to operate the catalytic process. 

Miscellaneous Physical Methods of Preparing Hydrogen fror 
Water Gas and Other Technical Gases. 

Liquefaction is not the only physical agency which has beei 
proposed for the production of hydrogen from water-gas. Proc 
esses based on diffusion, centrifugal action, preferential solu 
bility and on solution coupled with refrigeration have receiver 
attention. 

As early as 1891 Pullmann and Elworthy suggested the pro 
duction of a hydrogen-carbon dioxide mixture by interaction o 
steam and incandescent coke and the separation of the carboi 
dioxide by diffusion through diaphragms of plaster of Paris o 
of porous porcelain. The same proposals relative to the con 
stituents of water-gas are contained in a French patent (372, 
045/1906) to Jouve and Gautier, unglazed porcelain to be use 
as the diffusion medium. The proposal is revived with modifica 
tions in a recent patent to Snelling (U. S. P. 1,174,631/1916) ac 
cording to which water-gas is to be resolved into its constituent 
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by diffusion at tcinperaturcB above 800 '' il tliroupili porouB 
teriala, c. g., alunduin, coated with platiimni or palladium, 
such a coating a pressure-tight sepitun could be produced, 
sucli case, the diffusion process (*oul(l be accelerated by sub 
ing the gas undergoing diffusion to |)ressure. 

A considerable reduction in the content of foreigb gas(‘s pn 
in hydrogen can be produced in ibis mainu*r. UtMluciions ii 
carbon monoxide conccait ration from 30 per wni \o 5 ptu' eta 
one diffusion operation are reconhal in the patcait lit.erti 
The time factor, how(‘ver, is, in giauTal, ludicealdy absent 
such specifications an<l yet is of fuiulamtaital importance ir 
technical application. It is hard to visualise the diffusion | 
css successfully applied in the industry. 

Numerous proposals to separate hydrogen and cnrlion mo 
idc by centrifugal action liave been made. Tim putemt spc'ci 
tions of Ma5?za^ and of h]lworthy^ are suggestc’d for rtffen 
They have no technical signifnanu’e. 

Dewar’s expcrimeiffs with licpiid air showed that hy 
carbons could be removed from coal gas l)y cooling the h 
to liquid air tempera turcs. IkTgius BUggeslcal this mcr 
of purification for hydrogen produced by his pruct^ss (sc^e (J1 
ter VI, p. 123), using chanaail cooled in Ihfuid air us absor 
for the impurities. Curme^ suggests the removal of condem 
hydrocarbons such as acetylene and ethylcaie in this way, metl 
and hydrogen passing cm if the enrhon Ih^ mnintuim*tl at ordii 
tempe^ratures. Soddy ’ similarly utilises tliis properly of c 
coal to remove ethyhaie and benzene from coal-gas and c!oke-c 
gas. Adam ^ utilises tlie same agent fur nanovul of cai 
disulphide and naphthalene from coal-gas. 

Considerable attention has btam given recamily tu u prt^p 
of C. Claude^ for the pnqiarution of hydrogiui from mixt 
such ns coke-oven gas. dlie patents claim tlie prtKliH'tio! 
hydrogen by solution of the otlier constitmaitH in solvcmts i 
m alcohol, acetone or benzene em|)loying very fiigh pressi 
(500 to 2,000 atmospheres), or in etlicT at -“00'' (b at press 
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of 50 to 300 atmospheres. Hydrogen is the least soluble con- 
stituent of the mixtures. It is a moot point, however, as to how 
much more soluble the other gases are under the given conditions. 
Published data are lacking on this point. It must be observed, 
however, that, unless there is a marked solubility differential 
between hydrogen and the other gases, the process will be im- 
possible merely on the ground of hydrogen losses alone. It must 
be remembered that these losses will be, in the purified gas, de- 
termined by the solubility of hydrogen at the working pressure in 
the solvent chosen. 



Cliaj^ter V. 

Hydrogen by Eleetxolysis. 

The production of hydrogen from water by the clcctroly 
of dilute aqueous solutions of acids or alkalis is the simpl 
method of producing this gas which is operated technically, 
the last analysis these i)rocesses rcsdiK^o to the deconiposition 
water into its elements with the aid of the electric current, who 
by, from 2 gram-mols of water, 2 gram-inols of hydrogen anc 
gram-mol of oxygen arc simultaneously produced 

2H,0 = 2K, + 0, 

Given a well-designed, well-constructed electrolytic hydrof 
plant, a continuous supply of hydrogen, in a high state of puri 
with a minimum of labor and plant control, can be obtait 
with a high degree of efficiency. Offsetting the ease of prtaluct 
by the electrolytic method, however, are high initial plant cc 
and high cost of electrical energy utilised per unit of hydrof 
produced. As it is these factors which tend to eliminate elect 
lytic hydrogen from extended industrial use, a careful analj 
of their importance in the problem will first he consichired. T 
completed, a r6sum6 of typical industrial units and their espec 
features will be given. 

The relationship between (juantity of electricity flowing ( 
the volume of hydrogen produced is given by the laws of electi 
ysis first enunciated by Faraday. These laws state; 

(1) The quantity of an electrolyte whiidi is decomposed 
directly proportional to the quantity of current which is flow! 

(2) The mass of a substance liberated by a given ejuant 
of electricity is proportional to the equivalent weight of the s' 
stance. 


is carrying in the solution in which the electrolysis is taking 
place. In such case the equivalent weight is the weight in grains 
of one gram ion divided by the number of ionic charges which 
the ion carries. The quantity of electricity required to liberate 
one equivalent weight of any substance is, by Faraday^s second 
law, always tlie same and is 96,500 coulombs (ampere-seconds). 

Hence, it may be concluded that 96,500 coulombs liberate 


1 

T 

16 
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= 1 gram of hydrogen (since the ion is H') or for oxygen 
= 8 grams of oxygen (since the ion is 0”'). Correspondingly, 


for iron in ferric chloride, the equivalent weight is — = 18.66 

3 

56 

grams (since the ion is Fe'^'^'^) , but in ferrous sulphate, — =28 

2 

grams (since the ion in this case is Fe'^'"). 


For technical purposes it is more convenient to calculate with 
ampere-hours instead of coulombs and with gas volumes in place 
of equivalent weights. The following list gives some of the more 
important constants in reference to the relationships existing be- 
tween quantity of current and gas volumes produced in electro- 
lytic processes yielding hydrogen and oxygen; 

1 Ampere-hour liberates 0.03731 gram equivalents. 

1 Ampere-hour liberates 0.01482 cub. ft. of dry hydrogen 
at N. T. P. 

1 Ampere-hour liberates 0.00741 cub. ft. of dry oxygen 
at N. T. P. 

1 Ampere-hour liberates 0.01585 eub. ft. of dry hydrogen 
at 20° C. and 760 mm. pressure. 

1 Ampere-hour liberates 0.00792 cub. ft. of dry oxygen at 
20° C. and 760 mm. pressure. 

1,000 cub. ft. of hydrogen at 20° C. and 760 mm. pressure re- 
quire approximately 63,000 ampere-hours for their 
generation by electrolysis. 


Consideration may now be given to the other factor operating 
in the problem of necessary electrical energy for the process, the 
intensity factor or decomposition potential required. 



Theoretically, the work necessary to produce the two gii 
hydrogen and oxygen from water by the aid of tlu; electric c 
rent is exactly equal to the work which may be producetl w! 
these two gases operate as gas electrodes in a reversible cell, 
reaction occurring being the prodiudiou of water. Indei)end 
methods of deduction of this work (luuntily bused vipon t hen: 
dynamical reasoning and on experimental observation show t: 
the electromotive force of a hydrogen-oxygen cell should be 
the neighbourhood of 1.23 volts.^ Hencc', an el(!ctrom<>f,ivc fo 
of 1.23 volts should be capable of liberating hydrogen and 03 
gen continuously from an aqueous solution of an acid or 
alkali having electrodes of platinum were otlier olTecds not prose 
It has been shown, however, by many investigators, that the m 
imum voltage necessary for the continuous decomposition 
water in a solution, for example, of sodium hydroxide, witli pi 
inum electrodes, is in the neighbourhood of 1.7 volts. Furth 
more, the decomposition voltage is depcjndent on the nature 
the electrode material, on the current density iind on vari( 
other variables in the process. Even during the process 
electrolysis, the rcciuisite 'voltage may change with ehuni 
brought about in the solution by the electrolytic process. 

The cause of the divergence between the electromotive fo 
obtainable from a reversible hydrogen and oxygen cell hav: 
platinum as the medium for the gas electrodes, ami, on the otl 
hand, the decomposition potential rc<juired for continuous eleetr 
ysis of aqueous alkali or acid solutions with platinum electrod 
is to be sought in the phenomenon of over-voltagia Expcrimenl 
tion shows that the behaviour of the platinum ehadrode at wh 
hydrogen is being liberated is practically normal. At the electrc 
liberating oxygen, however, an electromotive force, greater tli 
that which oxygen is capable of yielding when acting as f 
electrode, is required to bring about the continuous lihciration 
oxygen gas from the solution. This excess electromotive fo; 
represents in this particular case the over-potential or ov 
voltage. 

With other electrodes than platinum, the phenomenon 
over-voltage is not confined to the oxygen electrode. The 
versible discharge of hydrogen on a platinum electrode becon 
irreversible on other metallic electrodes. Thus, polished nicl 

>Lewla, Z. phj/sHe. ahem., 1906, ff5, 449. 


has a hydrogen over-voltage in excess of that of polished platinum 
by about 0.12 volt, iron an over-voltage of 0.08 volts. Since 
these metals from the principal constituents of the electrode ma- 
terials for hydrogen-oxygen electrolytic generators it is of in- 
terest to tabulate the respective over-voltages in respect to each 
gas and to compare the data with the corresponding figures for 
platinum. 


Electrode 

Material 

Oxygen 
Over-voltage ^ 

Hydrogen 
Over-voltage ® 

Total 

Over-voltage 

Polished plati- 
num 

0.44 

0.09 

0.53 

Platinised plati- 
num 

0.24 

0.005 

0.245 

Polished nickel . 

0.12 

0.21 

0.33 

Spongy nickel. . 

0.05 

...» 

• . . • 

Iron 

0.24 

0.08 

0.32 

Cobalt 

0.13 

— 

— 


It is thus evident that nickel electrodes require the least ex- 
cess voltage to overcome irreversibility of the electrodes with 
reference to the two gases. As iron is not greatly inferior to 
nickel, however, in this respect, and as it is a considerably cheaper 
electrode material, it follows that iron will as a rule be the pre- 
ferred metal for electrodes. These theoretical considerations sug- 
gest however that nickel-plated iron would be a suitable electrode 
material and it will be shown later that this material has come 
into extended use. A nickel-plated anode and an iron cathode 
would represent the best electrode arrangements of these two 
metals from the standpoint of over-voltage. 

The secondary factors influencing over-voltage are current 
density, composition of electrolyte and nature of the electrode 
surface. The first two factors are, however, of so much greater 
importance in respect to the other properties of the cell, such as 
electrode area and strength of solution employed, which governs 
internal resistance, that their effect on the excess voltage required 
is of secondary importance. The influence upon over-potential 


* Coehn and Osaka, Z, anorg, Ohem., 1903, SJi, 86. 
•Caspar!, Z, pTwaih. Ohem., 1899, BO, 89. 



exercised by the nature of the ehu'lrode surface is worthy 
consideration in r(^sp(‘(*t to e<‘onoiny of (dectrical enerp;y. Rit 
has shown ^ in tlic cas(^ of copper and zinc, that the change fi 
a bright inicrocrystalline surface to an ainorplious surface is 
conipanied by a continuous dcHU’c^ase iti t.he over-potcnit.ial of 
electrode. Ji’ tlu' sanu‘ holds true for iiickc;!, it would be ant 
pated that from ilu' st andpoiiit of over-voltage the idea, I el(‘(‘.tr 
materitil would be iron with a lirinly adlu'ring (‘oating of an 
phous nickel. 

Assuming a true d(‘composition potential, in absemai of o\ 
potential, e(iual to 1.23 volts, it follows that the miniinuni 
composition potential with over-voltage from techniiadly teas 
electrodes, and that, therefore, of pra(‘tical importance, is in 
cess of 1.5 volts. Tlic acitual value will vary witli tlie electrol 
chosen and with the opcaaiting <*onditi(ms. 

In practice, such voltages arc‘ however impracticably low, 
to the resistance of the electrolyte^ and to th(‘ presence in the 
of devices, generally diaphragms, inst‘rt(Hl to prevent internfo 
of the gases. In attaining this latt(*r (*nd, the resistance of 
cell is increased and as a (‘onscapuaua' the applical voltage ri: 
be raised. VoItag(‘s, therefor(‘, of 2 to 4 volts per cell are in 
in electrolytic hydrogen production. 

The resistance of the electrolyte to tlu‘ passage of the cun 
is reduced to the lowest possible limit l)y (‘mph^ying solutiom 
electrolytes showing maximum conductivities. Tims, alkal 
electrolytes containing 10-30 per cent alkali arc^ in use. Cert 
early commercial units employed sulphurit^ a(dd solutions; 
example, the Schoop cell (1900) used acid having a density 
1.236 (32.0 per cent Diffa^ultics due to corrosion in 

cells have practically led to tlic abolition of the acid cells j 
most modern units are made with alkaline eh^cdTolytes. ^ 
heat produced by the resistance of the electrolyte ia eonsen 
a working temperature of 70° C. being maintained within tlie c 
This increased temperature tends also to diminution of resista 
and, hence, to decrease of applied voltage and higher ene 
eflficiency. 

Mecharmm of Elactrolysis.~The electrolytic dissociation 
pure water into hydrogen and hydroxyl ions 

*J. Am> Uhem, ^oo. 1020» 1^4. In tW» article may alan ba foui 
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HOH = H- OH- 

is, as is well known, extremely small in magnitude. Addition of 
hydrogen ions in the form of sulphuric acid will diminish the 
concentration of hydroxyl ions in agreement with the law of mass 
action applied to electrolytic dissociation. Similarly, addition to 
water of hydroxyl ions in the form of alkaline hydroxides will 
suppress the hydrogen ion concentration of water. Consequently 
the conclusion is inevitable that in such solutions the formation 
of hydrogen and oxygen by electrolysis is not due to the simul- 
taneous discharge of the two ions as indicated in the equations 

20H- -f 2" = 0 + H,0. 

H"+ - = H. 

Secondary reactions predominate in either acid or alkaline elec- 
trolytes. Thus, with potassium hydroxide solutions, the hydrogen 
forming reaction is, in the main, undoubtedly,, the interaction of 
discharged potassium ions with water. 

K* -f - -1- ILO = K + H„0 = KOH -^ H. 

In solutions of sulphuric acid, the oxygen is, correspondingly, 
chiefly produced by reaction with water of discharged sulphate 
ions 

SO, + 2 - -f- H,0 = SO, H- H,0 = H^SO, 0. 

When a solution of a neutral salt is electrolysed, both hydrogen 
and oxygen are the products of secondary reactions, as is readily 
indicated, for example, in the electrolysis of sodium sulphate so- 
lutions by the increasing acidity at the anode and the increasing 
alkalinity at the cathode. 

It is thus evident that to speak of the industrial production of 
hydrogen and oxygen by electrolysis as the electrolysis of water 
is not strictly precise. As however, apart from local variations in 
concentration, the net change in the solution is the removal of 
water, the term is frequently applied to the processes under 
consideration. 

Earlier Forms of Apparatus . — ^Examples of the earlier types 
of apparatus used in electrolytic hydrogen and oxygen production 
have been given by J. W. Richards.® According to this author 
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the plant installed by D’Arsonval in 1885 probably reiiresonts 
the first electrolytic oxygen generator for laboratory purposes. 
A thirty per cent solution of sodium liydroxido sers'od as electro- 
lyte, the electrodes were of cylindrical sheet iron and a current 
density of 2 amperes per square decimeter with a currimt con- 
sumption of 60 amperes was employed. Only oxygen was col- 
lected and the anode compartment was enclosed in a wot)len bag 
which served as diaphragm. 

Latchinoff ® in all probability constructcal the first large scale 
apparatus. He employed asbestos cloth diaphragms. Using an 
alkaline electrolyte of 10 per cent sodium hydroxide solution, he 
employed iron 'electrodes, a current density of 3.5 amperes i)cr 
square decimeter and an applied voltage of 2.5 volts per cell. 
With a 5-15 per cent sulifimric acud solution, lead anodes and 
carbon cathodes were employed. Latchinoff also constructed ap- 
paratus with bipolar electrodes, the one side of the electrode 
acting as cathode, the other as anode. A series of forty cells was 
used on an ordinary direct current lighting circuit, with a current 
density of 10 amperes per square decimeter. In yet another ap- 
paratus, electrolysis was conducted under pressure. Compression 
to 120 atmospheres was {>os8ible, the containing vessel being of 
heavy iron. A system of floating valves k(!i)t the pressures of 
the two gases equal in the apparatus. 

The Garuti process originated in 1892, and the innovation 
then made was the use of metal diaphragms to dec-reasc the in- 
ternal resistance and to avoid cxj)ense in upkeep of porous dia- 
phragms. It was found that the imdal diaphragm does not 
function as a bipolar electrode provided it docs not reach to the 
bottom of the cell and provided the applied voltage is kept be- 
low twice the decomposition voltage of the electrolyte or in other 
words below about 3.0 volts. The original cells were made of 
sheet lead and were filled with dilute sulphuric acid its electrolyte. 
Subsequent designs employed sheet iron for electrodes and dia- 
phragms, and sodium hydroxide solutions. The electrodes were 
spaced about 12 mm. apart, the diaphragm in between being per- 
forated with small holes in the lower purls. (Garuti and l*om- 
pili B. P. 23,663/1896.) This feature still further reduced the 
internal resistance of the cell. In modern units of the Garuti cell 
all soldering of joints is avoided. The metal diaphragm projects 

•B. P. 15,926/1888. 



below and is insulated from the electrodes by a wooden comb 
the teeth of which serve to space the electrodes. The diaphragm 
is perforated opposite to the centres of the electrodes and the 
holes are covered with wire gauze in order to minimise admixture 
of the gases. A series of the cells are arranged together and 
immersed in a single tank of electrolyte. The gases are col- 
lected in their respective mains, hydraulic seals being employed 
to prevent pressure increase and mixing of the gases. The 
electrolyte used varies. Sodium hydroxide in 10-30 per cent 
solution has been used as well as 26 per cent potassium hydroxide 
solution. The applied voltage is about 2.5 volts per cell. Cur- 
rent densities of 25-30 amperes per square foot are possible. A 
current elBciency of 96 per cent is claimed. The Garuti-Pompili 
cell is an excellent example, therefore, of the metal diaphragm 
cell. It has been employed in this country by the American 
Oxhydric Co. 

The Schmidt process ^ introduced the filter press type of cell, 
the metallic units of the system functioning as bipolar electrodes 
on one face of which hydrogen is evolved and, on the other, oxy- 
gen. The gases are kept from intermixing by means of asbestos 
or other non-conducting porous diaphragms, the gases being led 
away from the generator-space by channels similar to those used 
in filter-press practice for the discharge of the filtrate. The 
number of bipolar units in series with one another is determined 
by the current available. Thus a 40 electrode unit is suitable for 
a direct current supply at 110 volts. The electrodes, which vary 
in form and shape as do filter presses, are separated from one 
another and insulated by the diaphragm which is reinforced at 
the edges and on both sides with rubber in the shape of the 
outside flange of the electrode. Distilled water is supplied to the 
system from a tank situated at a higher level than the cells by a 
pipe system passing to channels 'formed by holes in the base of 
the electrodes. To these channels also flows the spray separated 
from the evolved gases in the gas-collecting chambers placed 
alongside the water supply tank. 

Various strengths of alkali hydroxide and alkali carbonate 
solutions have been employed in the filter press type of cell. The 
voltage drop varies from 2.3 to 2.8 volts per cell while amperages 
averaging 20 to 30 amperes are common. 

^ D. R. P. 111,181/1899. 
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The filter press type is coini);u^t and simple in construct 
It requires, however, a frequent overhauling to maintain it i 
gas-tight condition, free also from Icsdcs in the licpud sysk'in 

Plants of the hlter press typi^ are made in this country 
Schriver and Co., of Harrison, N. J., and tlic International C 
gen Co., of Newark, N. J. In 10uroi)e, ('reel ion of Schmidt u 
has been undertaken by the Oerlikon Co. 

Schoop ® devised an electrolyscr having idect rodes surroun 
by non-porous, non-conducting diaidiragms. A cylindrical 
contains two anodes and two (‘.athodes, the eU'cfrodes consis 
of tubular metal cylinders completely surrouiwled by clay 
glass collecting cylinders. Both anodes and cathodes arc phi 
diametrically opposite to one another in the cylinder, the cvol 
gas being led off to the mains by oflluent inpes connected to 
electrodes of like polarity. 

Both acid and alkaline electrolytes have been used with 
Schoop type of cell. With a(iucous sulphuric acid as electrol 
a lead tank and lead electrodes were used. The voltage requ 
in such case is high and of the order of 3.6 volts. With alka 
electrolytes iron is the metal used and a voltage drop of 2.25 v 
is adequate. 

The Schuckert system employs a boll-collecting system. 1 
electrodes arc placed in a tank, alternately anode and cath' 
Over each electrode is placed an iron bell, the bells being i 
arated from ea(di other by a screen of in.sulating material wl 
projects the full breadth and depth of the containing tank. '1 
tank is insulated from the electrodes !ind does not play any ] 
in the electtrolysis. A tank usually contains ftair anodes, : 
cathodes and eight collccting-bells from four of which hydrt 
is led off by pipes to the main, oxygen being removed from 
others.® An electrolyte of 20 per cent smlium hydroxide aolu’ 
is normally employed. The floor space retjuired is comparati\ 
large. Several plants on this system have been crocited in 
country. 

The International Oxygen Co., in an early form of the ' 
systems now common in electrolytic hydrogen and oxygen ) 
duction, used a tank cell in which the tank served as cath 
The tank was of steel and was mounted on insulators; it hac 
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annular ring to hold water at the top and was closed by means 
of an insulated iron cover. To this cover was attached an anode 
in the form of a cylinder perforated with holes, the tank being 
divided into two compartments by an asbestos sack suspended 
from a non-conducting perforated plate around the anode lead. 
The top of the compartments was sealed by means of two hy- 
draulic seals, fornaed by two flanges projecting downwards from 
the cover of the tank, the one somewhat larger than the anode 
projecting into the solution of electrolyte, the other sealing the 
exit from the cathode by projecting into the water-filled annulus. 
Oxygen from the anode was collected within the inner flange and 
passed away through an exit pipe to the collecting mains. Hy- 
drogen generated on the tank walls passed on the outside of this 
flange to its exit pipe. 

The cells operated at an average voltage of 2.6 volts per cell. 
They had a current capacity of 400 amperes per unit with an 
output of about 6 cubic feet of hydrogen and 3 cubic feet of 
oxygen per cell per hour. 

Modern Forms of Plant , — The tendency in design of plant for 
electrolytic hydrogen and oxygen in recent years has been in the 
direction of increased economy of necessary floor space. Fur- 
thermore, the production of units having a largely increased cur- 
rent capacity is now engaging the most serious attention of the 
constructional engineers of the electrolytic gas industry. The 
object in such case is a diminution of the capital cost of the neces- 
sary plant, to bring it more approximately into line with the 
outlay involved in the production of these gases by other methods. 
In the (*<asc of oxygen, liquid air oxygen has been the active com- 
petitor, while, with hydrogen, any other of several well-tried 
chemical processes can be erected at a very much lower capital 
cost for an equivalent output. The purity of gas product which 
is possible by processes of electrolysis is the principal reason for 
energetic prosecution of attempts to cheapen and improve the 
electrolytic processes. 

The trend in design, as well as the manner in which safety 
and surety of operation are being secured, may conveniently be 
demonstrated by describing the plants which modern electrolytic 
gas manufacturers are producing. The descriptions given in the 



following are largely taken from the excellent balletins 
these manufacturers issue. 

The International Oxygen Company’s Type 4-1000 Unit 
orator . — The most recent form of electrolytic hydrogen and 
gen generator which this organisation produces is a unit-typ( 
orator designed with a view to simpler mechanical and eku 
construction, occupying a minimum amount of lloor-spac 
unit of gas evolution and showing high operating economy 
flexibility of load. 

As the term “unit” implies, each generator is self-cont 
and complete in itself, capable of generating both gases 
rate determined by the applied amperage. An installati 
made up of a number of such units, the number lieing deteri 
by the quantity of the gases required. 

Each of the units in the latest typo of. cell rcciuires a 
space of 4 inches by 40 inches and, with the necessary i)ipc 
nections, needs a head-room of about C feet. (See Fig. XI. 

The unit is thin cast-iron box ina<le in rectangular fo; 
which is bolted two cast-iron side plates serving as clecti 
The cavity between the electrodes is divided by a diaphriq 
asbestos fabric clamped dircc^tly by metal, rubber or ccinc 
any kind being conspicuously absent. This diaphragm fonr 
two chambers of the cell. 

In the upper part of the rectangular box franu; are resei 
for the electrolyte, from which it is fed to the two sides c: 
diaphragm. The two gas chambers which permit the separ 
of the gases from moisture and clcictrolyte spray are also lo 
in the upper part of the cell frame and serve as gaa-traps 
gas ofl-takes, as well ns an automatic prcssurc-eontrollini 
vice. At the bottom of the frame are cornmunitaiting pa 
ways which permit circulation of electrolyte on the two siti 
the diaphragm.. In the base of the cell a plug valve and d 
ing device is provided which permits the electrolyte to be dr 
from the cell when desired. 

The cast-iron electrcxlcs arc insulated from the frame 
from one another. A heavy packing rim of insulating ma 
is u.scd, and the bolts which hold the electrodes to the fram 
insulated by mica bushings. The electrodes are reinforce 
outside ribs and, on the inside, carry a great number of pyrr 
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shaped projections. These increase the electrode area 
tact with electrolyte and facilitate release of the gases 
generating surface. The inner surfaci; of the cathode is s 
treated and the inner surfacie of the positive eUa^trode, flu 
is heavily nickeled. In this way, tlui cell uses one iron t 
nickel electrode and so, the ovit- voltage is minimised (see 
and electrical ellicicncy is increased. '^I'he. nickel depo 
prevents the formation of oxi<le of iron which occurs w 
electrodes at the oxygen-yit-lding eka^trode. 

The diaphragm is impermeahle to t he gas bubbles b 
a texture sufficiently porous to avoid development of t' 
an internal resistance. The edges of the diaphragm arc 1 
tween a flange, projecting inward from the frjune, and 
clamping rim bolted to this flange. 

The gas off-takes arc supported on insulated bracket 
in turn rest directly on the cells. They are fed from gin 
jars which form part of the insulation l)etween the cell ; 
takes. The bell-jars also act us indicating devices of tl 
sure in the off-take lines. The (adls are also insulated fi 
earth by glass insulators protoeted by cast iron pctti(U)ats. 

The normal current rating of the cell is 000 amj)eres 
voltage required at this amperage is 2.2 volts. The gj 
under such circumstances is 4.8 culiic^ feet of oxygen and 9 
feet of hydrogen per clock hour. This means a kilowa 
efficiency of 3.65 cubic feet of oxygen and 7.3 cubic feet 
drogen. 

The cell is designed to oi)erate under widely varyinji 
tions of current with a high level of efliciency. (hiod e 
is claimed over a current range from 2(K) to 1,000 ampe: 
the lower figure a higher electrical efficiency is possible s' 
applied voltage per cell need not exceed 1.85 volts. Tin 
consumption per unit of gas produced will therefore be f 
per cent less than at normal rating, or a produ(d.ion of 8 
feet of hydrogen per kilowatt hour. The yield per (adl pei 
time will, however, be correspondingly smaller. When oj 
at 1,000 amperes the cell retiuircs an applied voltage o 
2.54 volts. The power consunuption is therefore some 15 ) 
greater than at normal load. This corresponds to 6.32 cu 
of hydrogen per kilowatt hour. An increased yield per 
hour is attained. This wide variability in current rang( 
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senting a varying hydrogen yield of from 400 cubic feet to 2,000 
cubic feet of hydrogen per 24 hour day is claimed as an especial 
feature of the Type 4 — 1,000 unit generator. Naturally the par- 
ticular mode of operation chosen will depend on a number of fac- 
tors, including cost of current, capital cost of plant and nature 
of the gas consumption, whether steady or variable. 

Compactness of plant per unit of gas generated is also claimed 
for tins type of cell. At normal rating of 600 amperes, the pro- 
duction per 24 hours is somewhat over 200 cubic feet of hydrogen 
per square foot of floor area. At 1,000 amperes this figure is 
raised to 350 cubic feet of hydrogen per 24-hour day. 

The purity of the gases is high, the hydrogen being purer than 
the oxygen. Average purities claimed are 99.7 per cent for hy- 
drogen and 99.5 per cent for oxygen. 

The Electrolabs Levin Generator . — This generator is also of 
the unit type built in two sizes, Type A and Type B. These cells 
are built exactly alike except as regards dimensions. Type A 
has external dimensions of 30 inches by 25 inches by 6%. inches 
and a rated current capacity of 250 amperes. Type B is 43 inches 
by 37 inches by 8^/2 indies with a normal current capacity of 600 
amperes. Under normal current ratings the hourly hydrogen 
yield is 4 cubic feet in the smaller type and 9.6 cubic feet in the 
larger unit. 

The Levin cell contains three compartments. (See Fig. XII.) 
Oxygen is generated in the two outer compartments, hydrogen in 
the centre compartment. Two sheet metal frames carrying two 
asbestos diaphragms serve as the separating media between the 
compartments. The electrodes are quite independent of the cas- 
ing, they are separated from and securely fixed within the casing 
by blocks of asbestos. The electrodes are plated, the cathode 
with cobalt tlie use of which is a special patented feature of the 
cell, the anode with nickel. Ridcal records a hydrogen over- 
voltage for cobalt varying between 0.0 and 0.03 volts, com- 
pared with 0.01 to 0.21 volts for nickel. For the oxygen over- 
voltage Coehn and Osaka record for cobalt the value 0.13 volt.^^ 
An alkaline electrolyte is employed in the Levin cell. 

Each compartment has a separate water feed which also serves 
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as a blow-off (hivico to vent, the kuh from (‘ach conipnrfnu'iit 
(lor abnormal conditions. A sight-feed indicator is plaet'd 
tween the coll and olT-take pipe, isolating the cell from other u 
in the group and also serving as a pr(*ssure regulator inside 
compartments of the cell. 

A special feature of the generator is that each unit is 
livcred entirely welded and completely and rigidly as8('mb 
There is thus no possibility of trouble due to leaks at joint 
the system. The weight per cell per unit of gas produced 
been reduced in this (^ell to a minimum and tlu! standardLsa 
and simplicity of parts makes for rapidity of construction 
assembly. 

At normal ratings an applied voltage somewhat over 2 v 
is apparently sufficient. The purity of the gases produced in 
generator is noteworthy, records cited by tlie makers for opi 


tion over three months having shown an average of 99.85 per 
cent for oxygen and a hydrogen purity still higher. This points 
also to adequate design in the cell to ensure safety of operation. 

Burdett Manufacturing Company ^ b Cells . — ^The latest B and 
C-types of cell produced by this company are closed multiple- 
electrode colls standing in an open rectangular steel tank con- 
taining the electrolyte and completely submerged in the liquid. 
In this way the gas is generated underneath the liquid and any 
leakages are visible. 

The C-type of cell is contained in a steel tank 17V4 inches by 
31 inches by 44 inches high. It weighs 750 pounds empty and 
1,650 pounds filled with its solution of electrolyte. The multiple 
electrodes, with an asbestos diaphragm between each electrode, 
divide the cell into seven gas compartments, three for oxygen 
and four for hydrogen. The asbestos diaphragms have a free 'end 
at the base of the cell, thus allowing for shrinkage, a feature of 
superiority claimed for this diaphragm over the rigidly fixed 
type. The open end at the base insures uniform density of elec- 
trolyte and corresponding uniformity in current distribution 
owing to the circulation of liquor which is set up by means of 
the several gas compartments provided. 

The gases collect in the upper portions of the cell and pass 
through glass lanterns to the off-take pipes. The lanterns pro- 
vide for observation, washing and pressure regulation of the gas. 
They also serve as the vehicle through which fresh distilled water 
is daily fed to the cells. This feeding through the lanterns pro- 
vides a means of cleansing these latter daily. The water added 
is led from the lanterns to the base of the cell, thus ensuring in- 
termixture with the electrolyte. 

With an electrolyte of sodium hydroxide solution, between 
22-24° Be. in strength, the normal rating of the cell is 400 am- 
peres. Under such conditions a voltage of 1.95 volts per cell is 
adequate. A high kilowatt-hour efficiency is therefore obtain- 
able, corresponding to 4.08 cubic feet of oxygen or 8.16 cubic 
feet of hydrogen per kilowatt-hour. The efficiency is somewhat 
higher at lower amperages and lower with increased load. At 
700 amperes the efficiency is 6.9 cu. ft. of hydrogen per K. W. H. 
and at 300 amperes the efficiency is 8.4 cu. ft. of hydrogen per 
K. W. H. 
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Consideration has been given by the Burdett (t). to the ( 
struction of cells having much higher amperages than those ( 
sidcred above. The object of such a stialy is obviously the ro( 
tion of capital cost in a large unit upon which consi<lerablo 
for gas is to be made. If, for example, a ‘2,500 ampere cell c( 
be constructed at a capital cost only some 2 to 3 times as g 
as the cost of a 400 ampere cell, then the installation coat ( 
large unit would be approximately halv<-d. These considcrat 
open up interesting possibilities. An analysis of costs for cap 
charges even suggests that it would be very advantageous, \ 
a source of cheap power, to operate the present C type cel 
considerably higher amperages tlian at presimt reconmu'nded 
spite of the lower power cfliciency thereby resulting, tlpera 
at 4,700 amperes with a nuxlilied electrode! having an arei 
4,500 square inches, with caustic soda of 23” Be. as electrol 
such a cell required 2.63 volts with a working tcinperatur( 
135° F. and should require only 2.3 volts at the normah worl 
temperature of 160° F. The interdepcndern'c. of power eha 
output, and capital cost and their variability from place to p 
make a complete discussion of the problem difficult. Dis(!UHi 
of the problem in relation to alkali chlorine cells has receivt 
certain degree of attention recently.' 

The engineering difficulties in thti problem of high ampei 
cells are adjudged to be solved by the Kl(!(!trolab8 tlo. as a 
suit of experiments in the building of a 10,000 ampere-unit, 
has been found that a unit of such size may bo operated t 
potential drop of 2.5 volts. On increasing the load succcHsi’ 
by 1,000 amperes to 15,000 amperes, it was found that an ai 
tional 0.1 volt was required for each extra 1,000 amperes, so 1 
when operating at 15,000 amperes a potential of 3 volts per i 
was required. It has been estimated that a plant conatrui 
from such units, yielding a daily output of 2,000,000 cubic 
of hydrogen, with cheap water-power current, could deliver 
drogen at a cost as low as that obtaining in the case of gas ] 
duced by the cheapest chemical methods. Even in such circ> 
stances, however, the main cost is apparently equally distribi 
between capital and fixed charges on the one hand and po 
on the other, with minor fractions only going to labor and 
keep. 


Operational Procedure . — In the majority of cases the cells 
are installed by the makers and production is commenced under 
the supervision of their staff. For satisfactory operation, subse- 
quently, a definite routine procedure is necessary. Attention 
should particularly be directed to the maintenance of water level 
in the cells, to the purity of the gases and to the energy con- 
sumption. Occasionally a systematic check of the electrolyte and 
its temperature should be undertaken. 

Purity tests on the gases produced, when frequently and regu- 
larly undertaken, are most useful indexes of the general well- 
being of the cells, A loss in purity of even one-tenth of one per 
cent — ^which will be soonest apparent in the oxygen supply — 
should be traced to its source. This can most easily be done, first 
by checking battery to battery in the whole plant to determine 
which is producing gas of low purity. The battery isolated, the 
individual cells should then be checked until the exact cell has 
been located and cut out of the system. Automatic recording de- 
vices (see Chapter IX) should prove of marked use in this re- 
spect. 

It is to the breakdown of the diaphragm that low purity is 
frequently due. The composition of the asbestos employed is a 
factor to which the user should pay special attention. It is 
much easier and cheaper to make asbestos cloth with cotton as an 
aid in strengthening the cloth. But, to ensure cell efficiency, cot- 
ton must be rigorously excluded. The natural tendency of the 
asbestos to shrink in time leads to defects and hence to low 
purities. 

The water-level must be maintained against the losses by the 
electrolysis and also against that carried away by the gases 
which leave saturated with water vapor at the temperature of 
the off-take pipe. In certain cells this is automatically taken 
care of, the water being fed to the cells from a tank under a defi- 
nite pressure. In certain unit type cells, the water-feed acts also 
as a vent in case of abnormal gas generation. In such case con- 
trol of water level is doubly important. 

Voltage tests on each cell are to be recommended. In such 
way, breakdown of insulation may be detected and cells of low 
efficiency can be isolated. External insulation should also be 
periodically examined. Special observation of connections is 



advisnblc— otherwise, hot eoniucts ienuinul and 

trode may develop. 

By-Product ElccirolyUc Hydrogen, Hy(lr(^p;(ai is produ 
a by-product in tine electrolytic alkali industry. I’lu* vlvvM 
of brine to yield caiustic; soda 

2Na^ + 2C1- + 2IL() rr:. 2Na()H f H, 1 ^'1. 

results in the simultaneous prodindion of both chh)rim‘ ai 
drogen, as much as 10,000 (‘ubi(‘ fe(‘t of <‘ach of tlu^ gas(‘s 
generated per ton of caustic soda prodiuaui by (*h‘ct roly sis. 
100 per cent current efricien(‘y each ampt^n* lanir waadd pi 
1.322 grams of chlorine, 1.491 grams of sodium liydn^xid 
0.0373 grams of hydrogen. Actually, ampcnH‘-hour eflicitmci 
tained in practice vary from 90 to 98 pi‘r (‘cut, the rcunain 
the current being spent in secondary naictions or in ovctc* 
the same. It is apparent, however, that, in this cdetdrolytic 
ess, the hydrogen must remain a l)y-produ<‘t <nving to tin 
of the other products obtained, for which saiisfuctcjry di 
must be secured. At present the otdy openings in tliis dir 
seem to be in the soap industry and in tla^ w(H)d pulp and 
trade. In the former there is a definiitdy (hdcaaninable ea 
of the plant to use up caustic, soda in tlu‘ manufacture o 
and of chlorine in the manufacture of l)leach. In tin* 
industry, caustic soda and bleacli may be similarly use 
one if the soda process for ehemicn! pulp is canployial, tiie 
for bleaching the product. 

From the standpoint of energy e(n(*icnc’y also, it is cnuclca 
brine electrolysis will be uhc<1 for caustic soda and chlorine 
main products and that hydrogen will remain a liy-pnalia 
has been shown that the working voltages of the elcadrolyt 
drogen-oxygen cells is in the neiglubourhood of 2 volts, 
the decomposition voltage of brine is approximatedy 2.3 vol 
technical colls arc usually operated above 3 volts and occasi 
as high as 7 volts. The energy efficiency of ilic* cell will tlu 
vary between 30 and 75 per eemt. An c*xumpk^ taken f 
recent publication*^ concerning this matter will illustrn 
effect of this on yield of liydrogen per unit of elec*tri<ail c 
An alkali chlorine cell operated with a cairrent of 840 ampc 

wUodne, Ohem, S Met, Eng,, lOm, fO 7t, In witidi art Id© the i 
of efficiency, energy reavUmnents and co«ti If treated griipWe&lly. 


a potential of 4.15 volts. The hydrogen produced per hour 

. , . . , 11*4 X 1,000 

amounted to 11.4 cubic feet, or at the rate of = 3.25 

840 X 4.15 


cubic feet per kilowatt hour. In the hydrogen-oxygen cells the 
corresponding figures are approximately 7-8 cubic feet per hour. 
Tlie extra energy cost involved in the chlorine cell must be com- 
pensated for by the extra worth of the alkali and chlorine pro- 
duced as contrasted with the potential value of oxygen in the 
district in which the process is conducted. The choice of process 
would thereby become a purely economic problem. 

The various types of electrolytic alkali-chlorine-hydrogen 
cells may be divided into three classes which arc differentiated 
from one another by the means taken to minimise interaction be- 
tween the primary anode and cathode products. The three classes 


are: 

(a) Diaphragm processes 

(b) Mercury cathode processes 

(c) Bell processes. 


In the diaphragm process the anode and cathode are separated 
by a porous partition generally of moulded asbestos, placed most 
successfully in close contact with the cathode. The flow of liquor 
is from anode compartment to cathode compartment in order 
to prevent flow of hydroxyl ions to the anodic space. The liquor 
may be drawn off either at the top or bottom of the cells, depend- 
ing on tlie relative concentrations of brine and caustic soda when 
a mixture of these constitutes the cathode liquor. The manifold 
varieties of these cells does not permit of extended description in 
this text. The following comprise some of the principal types and 
the place of their employment: — Griesheim cells, the oldest 
commercially successful cells, in Bitterfeld and Rheinfelden, Ger- 
many; the Hargreaves-Bird at Middlewich, England; the Town- 
send cell at Niagara Falls; LeSucur’s at Rumford, Maine; the 
Outhenin-Chalandre and Basle cells in France, Switzerland, Italy 
and Spain; the Billiter-Sicmens at Niagara and in Europe; the 
Billiter-Leyken in Austria; the Finlay in Belfast, Ireland; the 
Allen-Moore at Portland and Philadelphia; the Nelson in West 
Virginia and Edgewood, Maryland; the Wheeler in Wisconsin and 
the Jewell in Chicago. 

The mercury process uses anodes of carbon and cathode of 
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mercury. Sodium amalgam is formed at the cathode, aud is then 
transferred to an adjacent comparfuK'ut \vdler(^ it reacts with 
water to form caustic soda and hydro^c'n, reg(!nerating the mer- 
cury. The Castncr-Kellner type, an early suc<'essful cell, is in 
operation in England. During the war it was furnishing hydro- 
gen in the compressed state from the plant. Other mercury cells 
are the Whiting, the Wildcrmann, the Hhodin and the Bolvay- 
Kellner. 

The bell process uses neither mercury nor diaphragm, grav- 
ity effecting a partial separation of caustic li(iuor and brine. 
The anodes arc suspended in bells, having a chlorine gas out- 
let. The brine is admitted at the anode at a rate. su(‘h that it 
flows past the cathode faster than the cathode products can 
diffuse upwards. In the Aussig, which is the original bell cell, 
the soda is drawn from the bottom of the tank which may be 
made to contain as many as twenty-five bells.'-’ 

The utilisation of the present available hydrogen from 
such sources is greatly to be desired. Most of it is now wasted. 
If satisfactory methods are adopted for the exclusion of jiir 
and chlorine, the gas obtained is of a high purity. Of these im- 
purities air is probably the more objectional)lo as chlorine can 
be readily removed from the gas before being eompressed for 
use, whereas the nitrogen from the air is pra<d,ically imixissible 
to remove on a technical scale. 

Full (loBcrlptlons of the vnritmn coUh of all typos aro to !>t* fountl lo toxt* 
books of TiKluHtrial Chomlstry, c. g., Uogors, p. 2U2, 1b2t> FcUti<»ii ; iU«o 
the recent teclmlcal literature, (^hcm. Trade 1P20, 4(W, 4lil, 521; 

1920, 67, a. (yjwm, S Met, hhifh. 1919, 2/. 17. (19, 192, 979, 493, 439. Tmrw, 
Am, EUctrochmi, Hoe., April 23, 1921. No, 23. 



Chapter VI. 

Hydrogen From Water. 

The Bergius Process. 

This interesting chemical process for the liberation of hydro- 
gen from liquid water has received experimental investigation 
upon a semi-technical scale. Its translation to the technical unit 
has, so far as is known, not yet been accomplished, although the 
process offers very considerable possibilities as a method of cheap 
hydrogen production. 

The process is based on the observation that iron and liquid 
water readily react in the neighbourhood of 300° C. and that 
carbon and liquid water react at a somewhat higher temperature. 
In the temperature interval stated, it is apparent that pressures 
as great as the vapor pressure of water at such temperatures 
must be employed. Otherwise, complete vaporisation of the wa- 
ter would ensue. Furthermore, as the critical temperature of 
water is 365° C. any process of the type named must be con- 
ducted below this temperature. The vapor pressures of water 
in the given region of temperature may be deduced from the 
following data: — ^ 

Temperature ° 0. 200 250 300 350 

Vapor pressure (atm.) 15.3 39 89 167 

The fundamental features of the proposal are disclosed in 
the patent applications and in a series of articles relative to the 
process.® 

With coke in presence of twice its weight of water, contain- 
ing, as catalytic accelerator, 0.5 per cent of dissolved thallium 
chloride, ready reaction occurs at 340° C. with production of hy- 
drogen and carbon dioxide. 


The operating pressure is about 150 iitiuosphercs, the water vapor 
being removed from the gases by a rellux cooler att ached to the 
exit tube. 

With iron and liquid water, reaction starts at tenipcratures 
somewhat above 100° C. and i.s more rapid tiian witli carbon at 
corresponding temperatures. In this case also, reaction i.s ac(a^l- 
erated by addition of electrolytes such, for example, .ns ft'rrous 
chloride. Metallic couples are in gcnieral mort' reactivir tlian 
iron itself, the iron-copper coui)le being ('.specially noted in this 
regard. Such motalli(! couples are n'udily produced by adding to 
the water an electrolyte such as sodium chloride, introducing 
along with the iron a plate of (n)pper. 'I'lie acceh'rat ing efTect 
of such arrangements is cxi'injilified by the following tabhi of 
comparative data: 


Reaction Material 

T” C. 

llydroinm (rcn- 
crated per Hour 

Iron — pure water 

300 

230 ce. 

Iron — water — FeClj 

300 

1300 cc. 

Iron — water — FcCl^ — Cu . . . 

300 

1930 cc. 

Iron — water — FcCl^ — Cu . . . 

310 

3450 CO. 


It will be noted from the last two sets of data that the t('m- 
perature cocflicicnt of the reaction is low, as one would antici- 
pate from the heterogeneous nature of the reaction. According 
to Bergius, the reaction with finely divided iron is not merely 
a surface action but penetrates into tlie material, a <iuantitativc 
conversion of the iron to ferrous-ferric oxide resulting. 

3Fe -f- 4HjO = 38,4(K) calories. 

The output per unit of reactant volume should thendore be ma- 
terially enhanced. 

The reaction may be conducU'd in externally heated st(*el 
bombs; when it has once started, the reaction is sufOciently ex- 
othermic to be thermally self-sustaining as indicated by the ap- 
proximate value given in the preceding apiation, and further 
outside heating may be discontinued. The pnissurc under which 
the reaction is carried out is also self-produced, first by the 



steam and; in the later stages, by the liydrogen, which is only 
drawn off as lb(^ (h'sired operating pressure is exceeded. 

In the experiin(‘ntal unit investigated at Hanover, Germany, 
the reaction inixiure was contained in an iron vessel inserted from 
tlie bottom in a steel bomb which was closed by a high pressure 
joint of the Leltossignol type comprising a line joint between a 
coni(^al |)lunger and socket of slightly larger angle. The con- 
taining vess(‘l s(a’V(Ml as a proteedton to the interior of the bomb 
against attack by shaim. The vessels were fitted with a reflux 
{‘-ondenscT to rid, urn ('.va])oraied water to the systcan. The hy- 
drogcai was d(tiv(‘r(‘d dircatly to (‘.ylitnk'rs at a pressure of 150 
atmosphen's. A cubic fo<d of useful reaedton space generated 
about 150 cubi(‘, fiat of hyilrogcn per hour. I^lsewhero, it is stated 
that a 90 per (‘ent conv(‘rsion is attained in 4 hours. Hence, a 
yield of 000 cubi(‘. feet per cubic foot of charge represents a 
conservative ('stimute of the hydrogen generated. 

Discussing ibc^ large-siade possibilities of the process Bergiiis 
points out that it was possible to obtain in Germany iti 1913 steel 
bombs of th(‘ neiasssary Hpcidfuaition as to strength having a rc- 
ai^iion space' of 35 laibic find each. With such a unit, a batch 
yield of 20,000 cubic, feet should be possible and a daily output 
of 100,000 cubic fcid.. ''riie regeneration of the fiuTous-ferric 
oxide whieh is formed by the ri'aiddon cun be cffcidcd by licating 
with (‘urbon to 1,000'’ G. and this reduedion process should be 
possible with not more than 2 per cent of carbon remaining in 
the muss on ('ompkdion of the process. 

Gan Pufitif.—k high-grade hydrogen is produced, it is claimed, 
by this process. Analysis of a 200 litre sample gave the follow- 


ing gas comj)OHition: 

Hydrogen 99.95 % 

(Jarbon monoxide 0.001 

Saturated hydrocarbons 0.042 

Unsaturated hydroearbonH 0.008 


Too much emphasis should not be placed upon such an analysis, 
since! th(' cnrlxm eoni(*nt of the iron employed is not stated. It is 
assc'.rted, however, that the carbon and sulphur in the iron are 
not attacked. It must be borne in mind, however, that the readi- 
ness with whicli carbon reuids is largely a function of its physical 



state. It has been noted, in the (iiseussiun of (1h“ sleam-iron pr 
css, that, with progressive use of the iron contact, mass, the c 
bon content of the hydrogen increases, due to <lepusitiun of 
tivc carbon in the iron. It is i)(»ssible that, in tlu; n'geina-ut 
process ’necessary in this method of hydrogen production, earl 
of a more reactive nature miglit well become asso<'iated with 
iron. In such ease, an increase of impurities would make its 
evident. Owing, however, to flu* low reaction tem[)erafurt‘, it f 
lows that the carbon monoxide percentage would always be 1 
as compared with that of carbon dioxide, owing to the openit 
of the water-gas reaction, 

H,0 -f CO r- H., + CO,, 

as in the steam-iron and wah'r-gas (uilalyt i<! profs'sses. Sabat 
has shown that a reactive carbon produci'd catalytically may 
act with steam to give methane.'* In tliis way the saturated 1 
drocarbons may accumulate in th(> hydrogen produced. 

General Discufa>i<m.- The get\eral features of the proc<'ss i 
such that it should Icrul itself especially to hydrogen generati 
where low plant cost, interrnittency of use, Himpjieity of ope: 
tion and compactness of plant are desirabh*. H<*nc(' it wot 
seem to have distinct possibilities in field work aitd in th<> g( 
eration of hydrogen at rc-cluirging stations for dirigible airshi 
The writer hits in mind ti source of finely divided iron from wh: 
it might be possible to obtain the net!essary supplit's suflicien 
cheaply to permit of rejection of the materisil tifter it Imd ptist 
through the oxidation process. The sand used for grinding ph 
glass contains a marked percentage of finely divi<led iron wh; 
can be extracted from the sand by eloetro-magm'tic means. Se 
material should bo eminently suitable for the Bergius proee 
and the economy of its recovery from sand would detenninc f 
policy adopted in respect to regeneration. 

For industrial purposes, the utility of the process appears, 
yet, to be limited to such applications as involve the use of higl 
compressed hydrogen, ns, for example, in suninonia syntliet 
In this application, moreover, the present intermittent nature 
the process constitutes a point of objection. It would undoul 
edly entail a rather severe operational and repair charge. It 
conceivable, however, that technical development might succe 

• French patent 855,600/1808. 


in nuikinK i.hc i)ro(H'Hfl a (iontinuous one. To this end, attention 
should he given inorc! closely to the original suggestion of Bergius 
in whieh carbon was the agent used for decomposition of the 
water. A form of carbon as reactive as that of iron would have 
the advantage that tlu'ro would be no residue resulting and re- 
quiring regeneration. On the other hand the hydrogen produced 
would reciuire puriii(ad-ion from carbon dioxide and probably 
from carbon mom)xidc for ])urposes of ammonia synthesis. The 
balance of advantages against disadvantages offers an attractive 
field for further investigative work. 

Field Processes 

Certain processes have lieen developed for the production of 
hydrogen in the field using water as the source of hydrogen. 
The advantage sought in such developments is the lessening of 
the material weight, per unit of hydrogen produced, required to 
be transported to the scene of military operations. In such proc- 
csacw the material transported will readily react with water which 
is generally available in quantity even under service conditions. 
A nurnlicr of such materials have now been employed. The alkali 
metals have not found extended use jirobably owing to the dan- 
gers attending their transport. Use has been made, however, of 
lailciurn in the form of its liydride, the process being known as 
the Hydrolith process. Activated aluminium, or aluminium amal- 
gam reacts readily with water to form hydrogen, and certain 
aluminium alloys may be substituted for aluminium in the actual 
process. More rec'ently, lead-magnesium and lead-sodium alloys 
have been proposed. 

Metallic, Sodium Processes 

Sodium in the form of small pieces was proposed by Foerster- 
ling and Phillipp"* for the production of hydrogen; the violence 
of the reaction was to be diminished by using water in the form 
of a fine siiray. A later patent to Brindley ' incorporates the so- 
dium in briquettes compounded of the element with crude oil, 
kieselguhr, and aluminium or silicon. In this way, hydrogen was 
to be secured by interaction of sodium with water, and the re- 


MT. 8. P. 883,na 1 / 1 1)08. 
•U. S. 1*. 808.680/1000. 
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suiting alkiilinc liquor w:is to be usihI for the geiK'ration 
drogen from the aluminium or silicon (sc(‘ pp. 131-141). 
sequent patent « utilises the same idea, by iiK'orporation 
briquettes of aluminium silicide. 

The llydrolith /^rocc.s'.s' 

Instead of employing metallic- calcuum in suitable forn 
bert proposed/ for purposes of field j)rodu(‘iion of hydrog 
use of calcium hydride. The earlier French patemt (U‘al 
the production of this compound from metallii* (‘ulcitim a 
drogen, for example from the waste hydrog(‘n of (4(‘<*trolyti( 
processes. Interaction ocamrs readily at ()()()'’ (h l)c4,wt‘ 
metal and hydrogen freed from all tra<’es of oxygtm and 
vapor. The product reacts with water in the semse of tlu’ 
tion 

CaH, + 2H,0 = Ca(()n), + 211,. 

The commercial product, which is a white (‘rysiallim' p 
containing about 90 per cent <*al(’ium hydride^ together will 
nitride and oxide, yields, on treatment with wnten, upwc 

34.000 cubic feet per ton. Hence, the weight involvial 
transportation of material sudieient to prodiu^e F(KK) euhi<‘ 
hydrogen is less than 65 pounds. Its applicability for 11(4 
poses is thus manifest. Portable units with a 1(4, al (’apa< 

700.000 cubic feet of hydrogen have yielded satisfnetory 
when tested by the Fremdi in u(‘tual field conditions. 

The generators contain calcium hydride in a scTies o 
work trays. Water is admitted from below and the by 
passes away from the top of the generutor. The reuci 
markedly exothermic and moisture is freely (‘urried away 
evolved gas. This moisture is removed in a convenient man 
allowing the hydrogen generated in the first vessel to pass t! 
a second generator also filled with calcium liydride. In th 
erator the water vapor reacts with calcium hydride lihe 
an additional quantity of hydrogen. The culeiiim nitride i 
as impurity in the reaction material interacts witli water h 
ammonia. This must be removed before use, the removal 
readily accomplished by washing the gas coimter-curreo' 
water in a scrubber. 


A Gcmiiin modification® of the Jaubcrt process uses water 
present in the combined state in such substances as gypsum and 
sodium bicarbonate. In such casc-s reaction only occurs above 
80° C. 


Alumvnmm Aynalgam Processes 

Aluminium amalgam reacts with water at ordinary tempera- 
tures to yield hydrogen, the aluminium being converted to oxide 
and the mercury being regenerated in the elementary state 

AlJIg, + 3ILO A1,0,. -f 3H, -f yHg. 

Since the mercniry thus formed may amalgamate with further 
quantities of aluminium and the proisess be repeated, the mer- 
cury acts as a catalytic agent and can be employed in very small 
amount in comparison with the aluminium brought to reaction. 
Purthermore, since amalgamation may be produced by direct re- 
action between aluminium and mercury salts in solution, the mer- 
cury required for the process may be supplied in the form of the 
oxide or a salt, for example, the chloride. As a result, the pro- 
duction of hydrogen in the field by this process can be accom- 
plished with the transportation of little more than the aluminium 
requisite for the hydrogen. The proportions of the other con- 
stituents of the active mixture arc of the order of 1-2 per cent 
by weight of the aluminium. The proposals for the utilisation of 
the aluminium amalgam process arc embodied in a series of patent 
specifications and in literature references to the same. Mauri- 
chcau Beauprd demonstrated ® that aluminium filings, when im- 
mersed in an acpieous solution containing 1-2 per cent of mer- 
curic chloride and 0.6-1 per cent of potassium cyanide, gave a 
steady evolution of hydrogen. The heat evolved in the reaction 
caused a rise in temperature of the solution which could, how- 
ever, be maintained below 70° C. by the addition of cold water. 
It was shown that, from one kilogram of aluminium, 1,300 litres 
of hydrogen could be obtained, which is equivalent to 41,000 
cubic feet per ton of 2,000 pounds. The apparent density of the 
material used was low, being approximately 1.36, so that from 
one litre of aluminium powder 1,700 litres of hydrogen could 
bo produced. The process based on these observations was pat- 


• n. B. P. 218.26T/1908. 

• Oempt. rend., 1808, Xt7, 810. 
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ented in 1908/® a mixture being employed cont^isfcing of alumin 
in suitable form, admixed witll the stated amounts of mere 
chloride and potassium cyanide. The material is stal>lc in 
scnce of air and moisture. Tlic water rcciuired amounts to 
gallons per ton of mixture. 

According to the patent claims” of the (Iheinischc Fal 
Gricshcim-Elektron, aluminium powder admixed with I per ( 
of mercuric oxide and 1 per cent of sodium hydroxide is eepr 
efficient as a source of hydrogen and is les.s poisonous than 
preparations previously specified. In place of sodium hydrox 
salts having an alkaline reaction may be .substituted.” ' 
aluminium may be alloyed with othisr clcment.s notably tin 
zinc.^* 

The activity of aluminium alloys has been studied by K 
Abrest^^ who established the negatively catalytic cffecit of c 
per on the process. It was shown that aluminium containing 
per cent copper is not activated by immersion in 1 per cent n 
curie chloride solutions. As little as 0.1 per cent copper 
found to make the aluminium indifferent towanls water.” K 
Abrest also concludes that a mixture of hydroxides of alumin 
is produced on reaction with water, the composition varying 
cording to conditions, such as the duration of oxidation, eoiu 
tration and temperature of the solution. 

“BY. pat. 802,726/1008. 

«B. P. 8.188/1000. 

“ Sarason, B. P. 18,772/1011. 

“Uyeno. B. P. 11,888/1012. 

“Bull. 8ao. OMm., 1012, Jt, 670. J. ahem. Boo., 1012, lOZ ll, 708. 

« Compt. rem., 1012, ISi, l,«00. 


Chapter VII. 

Hydrogen From Aqueous Alkalis. 

The Silicol Process 

IlydroRC'ii for lillinR militury and naval dirigibles or balloons 
has lK'(m extensively produced in recent years by the action of 
atpioous alkalis, especially sodium hydroxide, on silicon, generally 
in the form of ferro-silicon. The method is expensive owing to 
the high cost of raw materials. As the hydrogen may be pro- 
duced, however, at a very rapid rate, of high purity, in a small, 
compact and inexpensive plant, with low labor and power require- 
ments, the process is eminently adapted to field purposes and for 
the inflation of lightcr-than-air craft aboard ship at sea. 

Outline of the Process . — ^The operations involved in the proc- 
ess arc (1) the preparation of the solution of sodium hydroxide 
(2) the admixture of ferro-silicon with the alkaline solution (3) 
the separation of water vapor from the hydrogen evolved in the 
interaction. For these operations, the essential plant required 
consists of a solution tank in which the sodium hydroxide is 
dissolved, a generator in which the reaction takes place and a 
caindcnscr or cooler in which the gas generated is freed from 
water vapor simultaneously evolved from the reaction mixture 
owing to the temperature at which the reaction occurs. This tem- 
perature of reaction is maintained by means of the two proc- 
(isses oceairring, the solution of sodium hydroxide, in which suffi- 
cient heat is produced to start the reaction, and the hydrogen 
generation, whic.h is so strongly exothermic that careful control 
of the temperature is necessary. 

From one gram atom of silicon, four gram atoms of hydrogen 
may be theorcticiilly produced. Less sodium hydroxide is re- 
cmired than that corresnondine to the conation. 



formed may be more complex, as for example tliat given in 
equation, 

2NaOH + 2Si + 311,0 = Nu^Si^O^ + 411,. 

Literature Resume.— The use of silicon wit h cunstio soda so 
tions for hydrogen generation is claimed in the patent appli 
tion o^ the Consortium fiir Klektrochemisehe Industrie, (J. m, 
H.’- Milk of lime may be added, it is (daimed, to reduce 
amount of caustic soda required. A patent “ to tlu; same fi 
claims the elimination of the necessity for external heat by p 
liminary interaction of the sodium hydroxide snlut.ion with a 
minium or by the production of a hot sodium hydroxide soluti 
by adding the alkali to the water in tlic powdered form. T 
use of silicon and hot soda solutions has been developed mai 
in Germany for field purposes under the name of the Heliuch 
process. French, British and American plants have employed 
cheaper ferro-silicon, this development being largely due; to J 
bert, the French chemist, and the SueieU' Fram^aise l/Oxylitl 

Experimental Data . — An intensive study of the govern 
factors in the operation of the process for military purposes 
been made by the U. S. Bureau of Standards. A jmper 
Weaver * presents the method of investigation employed an<I 
analysis of the factors of importance, which will lie repnxlu 
briefly in the following. The reaction occurs at the surface 
contact of the ferro-silicon and the solution. With the solid c( 
plctely wetted, the rate of reaclion is deptuident on the amo 
of surface of the ferro-silicon, the (aunposition of the liriuid i 
the solid phase, and on the tvmjMTafurc. In a<ldit.ion to i 
of reaction, the hydrogen yield from unit weight of silicon is 
first importance. 

The yield of hydrogen in praistice is by no mesins indepentl 
of the silicon content of the ferro-silicon ns it should be u; 
theoretical grounds. Thus, as is shown in the apjiended figi 
Fig. XIII, the hydrogen yield under the conditions most fa\ 
able for obtaining a complete reaction only approaches thtsor 

*B. P. 21,082/1000. 

•B. P. 11,040/1011. 

•Jaubert, V. P., 430.«02/t©10 ; B. P. 17,SR0/101l ; P, P„ 488,400/1' 
B. P. 7,494/101,8. D. S. P. 1,087,919, 

‘J. Ina. Bng. Ohem.., 1920, IS, 282. 


cal cflicicncy with fcrro-silicou containing upwards of 80 per 
cent silicon. Furthermore, the initial rate of reaction attains a 
maximum with ferro-silicon of about 90 per cent silicon content. 
Also, the rate of evolution of hydrogen expressed as a percentage 
of the initial rate falls away linearly with increasing percentage 
of total silicon consumed in a given trial. All these experi- 
mental facts point to the advantage of employing a ferro-silicon 
containing in the neighbourhood of 90 per cent silicon. 

Ferro-silicon of the same composition gives the same total 
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yield of hydrogen under the most favorable circumstances in- 
dependently of its state of division. A material of finer subdi- 
vision, however, gives a more rapid evolution of hydrogen in 
the earlier stages of the process than the coarser material. 

The concentration of the sodium hydroxide solution is a very 
important factor. With increasing concentration of solution the 
initial rate of reaction increases steadily. The effect of dilu- 
tion, however, is dependent on the amount of silicon which has 
already been dissolved in the soda solution. Thus, the rate of so- 
lution of ferro-silicon in a 20 per cent sodium hydroxide solu- 
tion containing no dissolved silicon. is quite different from that 
in a solution which is 20 per cent with regard to free alkali but 



which also contains sodium silicate from previous reaction, 
solved silicon depresses the rate of reaction. 

The total yield is also affected by the concentration of 
With solutions which are too dilute, the yield of hydro 
poor. Also, there is a greater tendency to “frothing.” The 
ing may be so great as to carry liquid out of the generate 
the pipes and valve systems causing blocks and stoppages, 
tions of high alkali concentrations, on the other hand, whi 
ing rapid gas evolution, produce highly viscous fluids wide, 
cause considerable trouble in removal from the geiu'rato 
tern and result also in poor hydrogen yields, duo to ineo: 
reaction of the ferro-silicon in the viscous mass. 

The following table given by Tccd“ represents resul 
tained with a ferro-silicon containing 92 per cent sili(!on 
98 per cent sodium hydroxide as raw materials. The 
include data from solutions more dilute and more concer 
than the 25 per cent solution, which is the concentration c 
ing in average practice. 


Concentration of So- 
dium Hydroxide So- 
lution 

Ratio of Silicon to 
Sodium Hydroxide 

Hydrogen Yu 
Cubic Feet pc 
of Silicol 

10 per cent 

1 : 0.745 

13.62 

10 

1 : 1.065 

14.30 

10 

1 : 1.480 

15.36 

10 

1 : 3.20 

16.80 

30 

1 : 0.852 

19.35 

30 

1 : 2.13 

23.90 

30 

1 : 3.19 

23.58 

40 

1 : 1.58 

24.10 

40 

1 : 3.19 

24.50 


The hydrogen yield is expressed at a pressure of 30 in( 
mercury and a temperature of 60° F. The maximum p 
yield under these conditions would be 25.4 cubic feet per 
of silicol of the stated purity. 

Temperature increases the rate of hydrogen evolutioi 
increase of reaction temperature from 100 to 110° C. ini 

• Chemistty am4 Mamfmture of Arnold, 1919, p, 





the reaction velocity by 50 per cent. At 90° C. the rate i* ap- 
proximately 1)8 jxir cent of that at 100° C. With a reaction tem- 
perature in this neighbourhood it is obvious that the hydrogen 
evolved will contain a considerable concentration of water vapor 
corresponding with the vapor pressure of the solution at the 
given tempcral.uro. It is this factor of water evaporation which 
necessitatcjs the ('mployment of alkali solutions of medium con- 
centrations and l.he addition of water to c.ool and dilute the solu- 
tion. This factor of vaporisation and the heat required to effect 





0 /O eo 40 60 60 70 


Co/^ceotrat/on of a/faf so/uf/on 
(grroms of NaOJi per fOO ^rams of water) 

Fia, XIV, Heat of Vaporisation Data. 

the same constitutes one of the important safeguards in this 
proc(‘SH, as preventing the attainment of excessive tempera- 
tures. Ample body of solution should always be assured. The 
accompanying diagram, Fig. XIV shows the temperature at which 
heat of vaporisation is equal to heat of reaction for various 
barometric pressures and different alkali concentrations, the heat 
of reaction being assumed to be 49 Kilogram calories per gram 
molecule of silicon dissolved in the alkali. 
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The application of such experimental data to the actual wt; 
ing operation has been illustrated by Weaver " in a H(udes of g 
orator problems. The accompanying figure, Fig. XV, eolleets 

A&6 
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results of such an investigation in grnphi<‘al form. 'I'lie cl 
apply to a generator in the form of an unproteefed cylindr 
tank 6 feet 6 inches high and 6 feet in diameter, madcc of c 
quarter inch boiler i)lato.; the Kolution tank, having about c 
fourth the capacity of the generator, is assumed to have* a 1 
capacity including stirring machinery eciual to one-ludf of t 
of the generator. Air temperature is assumed to bci 20" (1., s 
ply water to be at 18° C., and barcmietrie pressure 740 mm 
mercury. The wind velocity is 10 miles per hour. 

The charge is 363 kg. of ferro-silicon, 88 pc‘r cent Hi, of 
fineness given by the following data: 


Ter Cent 

Rejected by 20 mesli 10 

Tlirough 20, on 30 20 

“ 30, “ 40 10 

“ 40, “ 60 10 

“ 50, “ 80 If. 

“ 80, “ 100 I.l 

Through 100 20 

Total 100 per c 


Generation is started with a 30 per cent solution of sodium 
hydroxide made by dissolving 290 kg. of alkali in 677 kg. of 
water. In order to heat the solution more quickly only half the 
solution and 75 pounds of fcrro-silicon arc introduced into the 
generator. When the temperature reaches 90° C. the fcrro-silicon 
feed is started at the uniform rate of 15 pounds per minute and 
contimicd until all the charge has been added. As soon as the 
fcrro-silicon feed is started, the remainder of the solution is run 
into the generator at such a rate as to keep the temperature con- 
stant. When all the solution has been added the constant tem- 
perature is maintained by the addition of cold water until the 
solution contains about 20 per cent of sodium hydroxide. The 
water is tlicn stopped and no further effort made to control the 
reaction. 

For the method of obtaining such a chart and for the data 
which arc employed in computing tlie same, the original article 
should be consulted. A discussion of the accuracy and signifi- 
cance of such generator calculations is also given. 

Weaver concludes that in spite of the many conditions af- 
fecting the rate of reaction of a given amount of ferro-silicon, 
the rate of evolution of gas over the major part of a generator 
run is iiriinarily a fune.tion of the rate of addition of fcrro-silicon. 
With varying conditions of temperature and concentration of 
solution, provided these are reasonably constant, the fcrro-sili- 
con feed, if regrdar, will cause accumulation of material in the 
generator until the amount of reacting surface is such that the 
rate of solution will approximate the rate of addition. Conditions 
must be so chosen that equilibrium is quickly reached without 
generating gas at an excessive rate; there should be no sudden va- 
riations of generator conditions, particularly of temperature; the 
reaction should also come quickly to an end after the ferro-silicon 
is all exhausted. The pro(!cduro, outlined in the generator prob- 
lem cited, as to the start of the reaction is probably the best 
for bringing the generator temperature rapidly to the working 
equilibrium. Fig. XIV, shows the temperatures at which the 
heat of vaporisation of the water carried away by the gas at 
various concentrations of alkali will be equal to the heat of re- 
action. These represent the maximum temperatures beyond 


which the generator could not rise if there were no other h< 
losses than through evaporation. In actual practice these to 
peratures will be approached more or less closely depending 
the magnitude of the other heat losses, which vary with i 
atmospheric conditions and with the position of n plant, wlietl 
housed or in the field. The initial charge of forro-silicon adc 
to the solution or portion thcrcHif should be of such a size tl 
when the desired generator temperature is reach(>d the rate 
reaction will be the desired average for the run. If the tempo 
ture of the alkali be initially low it is advisable to add the ne(‘ 
sary ferro-silicbn in the linely divided, more rapidly ri'act; 
form. Aluminium is sometimes used as a substitute for siudi liir 
powdered or high grade ferro-silicon to attain the initial react: 
temperature. 

Weaver shows that, for a 20 per cent alkali solution the yi 
of hydrogen during a one hour run increases with incrcas 
ratio of sodium hydroxide to silicon and attains a figure beyc 
which increase of alkali is of negligible effect. From such da 
assuming cost figures of 12.5^1 and 6^ per lb. for ferro-silicon a 
sodium hydroxide respectively, it is calculated that the gr<!at 
economy is obtained by using about seven-tenths as much Hodi' 
hydroxide as silicon present in the material. Use of eciuul weig 
of both, however, decreases the danger of obtaining viscous so 
tions at the end of a run. On the other hand, according to Wea\ 
it costs more to produce a given volume of hydrogen when ' 
little sodium hydroxide is used, only because fi!rro-sili<‘on rema 
unacted upon at the end of the run. The amount of matei 
wasted decreases very rapidly when generation is permitted 
proceed for a short time after the material is added; hence wl 
haste is not an important object greater economy could no doi 
be secured by using a still smaller proportion of alkali. Th 
conclusions of Weaver conflict witli those of Teed who advise 
ratio of silicon to sodium hydroxide as high as 1 to 1.72.’’ Am 
ican practice represents the conclusions of more recent work £ 
is certainly the more economical. 

The patent to the Compagnie Generale d' Electroohimie 
Bezel ® suggests economy in the matter of sodium hydroxide 
the use of a lime-sodium carbonate mixture. As an exampk 

^ Cf. alKO Brittih Admiralty Uydragm Manual, Vol. p. 1S7. 

• B. P. 127,018/1917. 


mixture of silicon 20 purts, lime 80 parts, sodium carbonate 10 
parts, and water 225 parts is cited. The matter of using lime has 
been investigated cx])erimcntally by Gordon.® He found that it 
was impra(!tioablc to substitute lime for sodium hydroxide en- 
tirely, as the rate of reaction is so slow due to the low alkali con- 
centration of the saturated solution of lime. It was also shown 
that the recovery of sodium hydroxide from generator sludge by 
addition of lime was impracticable as, even with careful treat- 
ment, it is (lillieult to recover even 50 per cent of the original 
alkali. Owing to the voluminous nature of the precipitate of cal- 
cium .silicate, the recovery of the alkali would require the use of 
filter presses. For operations in the field, this necessity would 
diminish the value of the process with respect to smallness and 
compactness of plant. On the large scale, with stationary plant 
and large alkali eonaumption, use of a filter press would undoubt- 
edly effect economics. Using lime and sodium carbonate in place 
of sodium hydroxide was found by Gordon to be possible. With 
even a larger excess of alkali (as sodium carbonate-lime), how- 
ever, the yield of hydrogen was only 89 per cent of that from 
sodium hydroxide solutions in excess. Also, the effect of reducing 
the ratio of alkali to fcrro-silicon is very marked and is much 
greater than when pure sodium hydroxide is used. , Rate of 
hydrogen evolution was also slower and a large excess of lime 
proved to be a marked detriment. A solution equivalent to 12.5 
per cent sodium hydroxide was somewhat better than a 10 per 
cent solution and very considerably better than a 20 per cent 
solution. 

Plant Details . — Plants generating between 1,500 and C0,000 
cubic feet of hydrogen per hour have been built and operated in 
the last few years in the various allied cotmtrics. While alike in 
essentials the various sizes differ in detail, for example, in con- 
denser equipment, source of necessary power, mechanism of sili- 
col feed and of temperature control. 

The necessary parts in all plants include the following: 

(1) A caustic soda vat, in which the alkali is dissolved, fitted 
with stirring mechanism. 

(2) A generating tank, in which the reaction occurs, fitted 
with stirring mechanism. 

•U. 8. National Advisory Committee for Aeronantlea Roport No. 40. 


(3) A hopper, to hold the powdered ferro-ailieon, luul fi 
with suitable adjustable feeding deviec. 

(4) A cooling cluimbor in which moisture is sep;iratcd f 
the hot hydrogen. 

(5) A condenser system in which the gas is washed and cue 

(6) A power plant to operate stirrers, pumps, etc. In 
smaller plants the necessary power is supplied by hand. 

Generators . — These arc usually cylindrical tanks but in 
smaller units may be rectangular. A tank having a hydre 
capacity of 10,000 cubic feet per hour will average alxiut 5 
in diameter by 9 feet deep or a wider, shallower cylindrical ’ 
sel of the same cubical capacity. The <Iimc‘nsions of a unit i 
ducing 60,000 cubic feet per hour will be as much as 9 feel 
diameter and 12 feet high or its equivalent in cubic capac^ 
The tanks should bo of commercial sheet steel of suitable siz* 
stand the necessary flanging, should be easily and readily wek 
All the tank seams should be welded. On a flange at the 
of the generating tank, a cover held in place by nuts and b 
is made to give a gas-tight vessel with suitable gasket betw 
cover and flange. Through the cover passes a st irring gtair 
the generator, driven by bevel gearing from a horizontal sh 
so driven as to give 60 revolutions per minute to the vc-rtical sh 
From the base of the tank, the sludge is discharged throng 
4 inch drain fitted with a suitable gate valve. A cohl wi 
spray for diluting the contents of the generator and regulat 
its temperature is also provided. 

The Ferro-Silicon Hopper . — This varies in dilTerent plants, 
some the hopper is provided at the top with a self-opening n 
hole of gas-tight constniction and an adjustable fi'oding mechi 
ism to feed dry silicol, the feed being variable between all ran 
of feed from zero to maximum capacity of tin* generator. T 
feed may be hand driven or mechanical. The British Admira 
adopted and standardised a wet feed jirocess. The fcrro-silic 
in suspension in water, and so maintained by mechanical agi 
tion, is fed into the generator through a delivery pipe havinj 
jet feed the size of which varies with the capacity of the pla 
For a plant producing 2,600 cubic feet per hour two feeds, w 
jets, y^" and 5/16" are employed. For a unit with a capacity 


60,000 cubic feet per hour, the maximum size of jet is The 
amouiit of sili(;()l introduced through the jets is determined by the 
height of liquid above the jet and the pressure of gas in the gen- 
erator. Both must be kept under observation and control to en- 
sure steady generation. Wet feeds arc being studied in this 
country at the present time. 

Soda Vats . — In modern units these are covered as with the 
generator and i)rovided with similar stirring gear to facilitate 
rapid solution of the alkali. They arc approximately about half 
the cubic capuc.ity of the generator. 

Condenser Equipment . — For the separation of water vapor, 
use is made both of water cooling and air cooling. In large sta- 
tionary units coke scrubbers of the usual type may be used. For 
a 20,000 cubic feet per hour unit a coke scrubber 5 feet in diam- 
eter by 12 feet high is adequate. In portable plants, the coke 
may be replaced by a series of grids of light sheet steel, nickel- 
plated for protection against corrosion. To economise water in 
portable plants, a supplementary water cooler is provided in 
whicli the water is allowed to flow over nickel plated cooling grids 
counter current to a supply of air coming from a fan. Single 
stage circulating pumps of the centrifugal type are also pro- 
vided for water circulation. 

To free the hydrogen still further from water vapor and also 
from entrained moislure, the gas is finally made to travel at high 
speed through a series of tubes or passages having abrupt di- 
rectional changes. In this way hydrogen of greater lifting power 
for balloons is so<!urcd. 

Power Equipment . — For small units, hand power alone is nec- 
essary. For larger units, gasolene or oil engines or electric drive 
lias been jirovided. A 6 h. p, oil engine is adequate for a 10,000 
cubic feet plant of the stationary type. For a unit of hourly 
capacity ecpial to 20,000 cubic feet, fitted with circulatory pumps, 
air fans, etc., a 20 H. P. engine or motor of similar capacity has 
been specified. 

Operational Details. — Since, at starting up, the generator is 
filled with air the first gas evolved should be blown to waste. If 
the plant be operated in conjunction with a gas holder the elim- 



ination of air is best accomplished by closing all valves but that 
to the sludge discharge prior to feeding the sodium hydroxide so- 
lution to the generator. The whole system should then be swept 
out backwards from the gas holder through to the sludge drain. 
According to Weaver/® with a regulated temperature of sodium 
hydroxide solution and fixed rate of silicol feed it is possible to 
determine the length of time required for purging the generator 
and condenser equipment by observing the temperature rise in 
the generator. Data are given to show the method of computa- 
tion. It is possible to check the length of time necessary for 
purging of the system by observation of the end of the hydrogen 
pipe when the air has been practically freed of air. The difference 
in light refraction of hydrogen and air makes the escaping hy- 
drogen very noticeable to a trained observer. 

To prevent foaming in the generator tank and consequent en- 
trainment of reacting materials with the gas, use may be made 
of a mineral grease. In large plants this is, however, generally 
unnecessary. A charge of mineral grease equivalent to 1 lb. 
per 1,000 cubic feet of gas generated should be sufficient. It is 
conveniently introduced through the soda vat but may be intro- 
duced through a special device in the generator cover. It should 
be emphasized that non-saponifiable greases be used. 

In the plant all lead jointings should he eliminated owing to 
the danger of an explosive reaction with silicon 

PbjO« 4- 2Si = 2SiOa -f 3Pb. 

Separate storage for ferro-silicon an<l sodium hydroxide is 
especially desirable. Moist mixtures of the two solids react most 
energetically and may become incandescent. Furthermore, pro- 
cedure should be such that it is next to impossible for the (auistic 
liquor to reach a ferro-silicon mass. The heat of reaction between 
the two is so great that the ferro-silicon must always be added 
to excess liquor, never the reverse, liquor to excess fcrro-8ili(H)n. 

On completion of the reaction process, the sludge sliouhl be 
immediately discharged, to obviate solidification in the gcneralor. 
Hot water, for washing out the sludge, diminishes the tendemey 
to solidification. The generator should be thoroughly washed 
out with fresh water after eacli run is made. 


“Loc. cit. 



Fcrro-Sihicon Spccificatiom . — From the discussion previously 
given it is apparent that a ferro-silicon containing not less than 
80 per cent silicon should be specified. The residual material is 
principally iron and aluminium with small amounts of calcium, 
(uirbon, phosphorus and arsenic. Iron is generally assumed to be 
an inert constituent. By some it is regarded as a catalytic acceler- 
ator of the reaction process. Others have claimed that iron en- 
ters into the reaction, yielding hydrogen, but this is doubtful. 
Metallic aluminium is a useful constituent of the alloy since it 
roacits with the alkali to yield hydrogen. Phosphorus, arsenic 
and calcium (!arbi<lc should be maintained at as low a figure as 
possible, since they give rise to acetylene, phosphine and arsine 
in the hy<lrogcu produced, which gases have a harmful effect on 
the balloon fabric as well as being poisonous and liable to pro- 
mote inflammability in the gas. 

A typical analynis of a high grade ferro-silicon with minimum 
and maximum spccuficutions as rexjuired by the British Admiralty 
is appended. 

cent Not less than 85 per cent 

tt 
tl 

“ Not more than 1.0 per cent 

" Not more than 0.25 “ “ 

“ Not more than 0.05 “ “ 

a 

tt 

is 80-85 Si and to pass through a 

Composition of the Gas . — ^The hydrogen produced is of very 
high purity, the main impurities being phosphine, arsine and sul- 
phuretted hydrogen whicdi result from interaction of impurities 
in the ferro-silicon with the alkaline liciuor. The concentration 
of these gases is extremely small, however, the phosphine and ar- 
sine not generally exceeding 0.01 per cent. Even these conccir 
trations, however, tend to impair balloon fabric and attack cop- 
per or brass when oxygen is present. Aluminium and zinc appear 
to be immune from such corrosive action, so that, taken in con- 
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junction with its lightness, aluminium constitutes an ideal metal 
for dirigible structures. According to Jaubert “ preliminary treat- 
ment of ferro-silicon with an aqueous liquid, e. g., water, tends 
to decompose phosphides and so to eliminate phosphine from the 
hydrogen produced. 

Chemical Composition of the Sludge and Its Disposal. — The 
sludge consists of a solution, containing, in the main, sodium sili- 
cate, which, owing to hydrolysis, is strongly alkaline and liable 
to form a gelatinous mass due to hydrated silicic acid. In addi- 
tion, there are present the original impurities of the sodium hy- 
droxide, chiefly sodium carbonate, also those from the ferro- 
silicon, principally iron, iron oxide and sodium aluminatc. It may 
be possible to work up such material in small quantities for sili- 
cate of soda. Frequently, however, it constitutes a waste product 
difficult to dispose of owing to a relatively high alkali concentra- 
tion. In washing away to sewage it should be very freely diluted 
with water. Non-caustic residues obtained by using a high con- 
centration alkali at the start can be used to a certain extent in the 
dyeing and bleaching industry. Caustic residues have a potential 
value in oil refining to produce a neutral oil, the foots, with their 
content of sodium silicate, being the basis for chcai) soaps. 

General Remarks on the Efficiency and the Economy of the 
Process. — ^Thc outstanding feature of the procc.ss as to efficiency 
is the rapidity with which hydrogen can be generated from a re- 
stricted space and in a brief period of time from starting up. 
rhis rapidity of generation and smallness of plant required, give 
ffie process a considerable importance in the field of aeronautics 
md especially in military and naval aeronautics where intermit- 
;ent working is frequent and great speed of production often es- 
icntial. The low capital cost of a ferro-silicon plant is an item 
n favour of the process when the plant is only to be used inter- 
nittently. Indeed, the plant cost in this process forms a negli- 
gible item in comparison with the direct cost of production. A 
mit having a capacity of 20,000 cubic feet per hour can be pur- 
ihased for $12,000, while it may be housed for approximately one- 
luarter of this cost, or an extra investment of $3,000. It is not 
)ossibIe to charge this investment on the basis of hydrogen pro- 


tluccd since aindi a plant is generally only nm intermittently. 
Reckoning int(!rcat, depreciation, taxes and insurance at 25%, 
however, this amounts to a daily capital charge of less than $11. 

The direc.t coat as to raw materials is in sharp contrast to 
tins. SiiKic the mitiimum requirements of ferro-silicon and 
caustic soda will l)c 50 lbs. of each respectively and since average 
trade prices for these materials when consumed in ciuantity are 
not less than $100 and $40 per ton respectively, it follows that 
the ingredients costs per 1,000 cubic feet of gas are at least: 

50 lbs. (85% forro-silicon) = $4.00 
50 lbs. caustic soda = $1.00 

or a total ingredients cost not less than $5 per 1,000 cubic feet of 
gas. Furthermore, it must be remembered that if continuous 
supplies of hydrogen are to be ensured these expensive raw ma- 
terials must be stored to some extent. The outlay involved in 
such a procedure must be added to the capital cost of the plant. 

It is obvious, therefore, why, even in plants of moderate 
size, devoted to the generation of hydrogen for aeronautical pur- 
poses, the recent tcndcuicy has been towards utilising one or other 
of the alternative methods of hydrogen generation for the normal 
requirements of the station, reserving the silicol plant for emer- 
gency i)urpose.H. For small and isolated air stations the process 
will continue to find application because of the simplicity of pro- 
cedure and the economy of plant outlay.’* 


Ahtminium-Sodium Hydroxide Process. 

The procedure detailed in reference to the ferro-silicon proc- 
ess is adapted to tlic preparation of hydrogen by the interaction 
of aluminium an<l atiueous sodium hydroxide. The reaction may 
be represented l)y means of the equation 

2A1 -f 2NaOH -f 2H,0 = 2NaA10a -f- 3H, 

although there is the possibility of production of aluminates of 
the general typo NugAlO, as exemplified in the equation 

2A1 + GNaOH = 2Na3A10, -h SH, 

In either case, the hydrogen yield per unit of aluminium is the 
same and amounts tlicorotically to upwards of 45,000 cubic feet 


For furtlior dlicuiilon of this iobjoct nee Teed, Mngimering, 1920, IQtf, 811. 
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of hydrogen per ton of aluminium. The sodium hydroxide re- 
quired in practice corresponds more closely to tliat required by 
the first equation. Actual large scale experiments have shown 
yields of hydrogen equivalent to 44,000 cubic feet per ton of 
aluminium and 28,000 cubic feet per ton of 90% sodium hydrox- 
ide. This latter figure could doubtless be modified by extended 
experiment, along the line of Weaver’s investigations with ferro- 
silicon, to give a higher yield of hydrogen per unit of alkali used. 

The aluminium employed should be in the form of clippings, 
foil or granules. Massive metal is but slowly acted upon. Al- 
kali of the strength used in the silieol process is also applicable in 
this process. 

The sludge produced is more liquid than the fcrro-silicon 
sludge and shows less tendency towards gclatinisation. It is how- 
ever also strongly alkaline since the aluminates are markedly hy- 
drolysed. It should be possible to convert this sludge into market- 
able products more easily than in the case of the silieol sludge 
since the alumina obtained by acidification of the solution shoxdd 
be suitable for use in the preparation of aluminium metal once 
more. 

The process was used by the Russians in the Russo-Japanese 
war of 1904 ; in the recent war, the reaction was occasionally 
made use of to start the reaction in the silieol plants, since the 
reaction with aluminium is more energetic at lower reaction tem- 
peratures than can be used for the ferro-silicon process. 

The apparatus employed in the silieol process is directly ap- 
plicable to this process. The two processes are so alike that the 
question of choice, once the procedure had become standardi.sed 
in each case, would become an economic one, dependent on the 
relative costs of ferro-silicon and aluminium on the one hand and 
on the potential market for the alkaline residue on the other 
hand. 



Chapter VIII. 

Ilydrogcii From Hydrocarbons. 

The hydrogen produced by the various methods detailed in 
the preceding chapters is obtained from water, which is the cheap- 
est and most available supply of combined hydrogen. Next in 
availability and the only other naturally occurring source of 
hydrogen of considerable technical importance is the family of 
hydrocarbons. These hydrocarbons occur in nature in the form 
of a complex mixture known by the generic term of petroleum, 
generally in association with the mixture of gaseous hydrocarbons 
known as natural gas. The main constituents of both petroleum 
and natural gas are carbon and hydrogen, and varied attempts 
have been made to obtain from them hydrogen, on the one hand, 
and either carbon or carbon-containing gases on the other. The 
stimulus to such investigations has been twofold; for, aside from 
the increasing industrial importance of hydrogen, the production 
of carbon in finely divided condition in a form suitable for use 
as a black pigment has offered great possibilities of profitable 
application. The present methods of producing carbon black, 
by the incomplete combustion of hydrocarbons, are expensive and 
wasteful of a valuable raw material. Methods of producing car- 
bon black having the necessary properties of such material, with 
" simultaneous production of hydrogen, would inevitably lead to 
the supersession of the old lamp black industry. 

The process which is utilised for the simultaneous production 
of carbon and hydrogen from hydrocarbons is in all cases one of 
thermal decomposition. The procedure varies from case to case 
according to the nature and thermal properties of the hydro- 
carbon to be utilised. 

The data on the stability of methane have been critically ex- 


and the material relative to heats of coiiibuslion of these i 
it was deduced that the heat of formation of methane froi 
elements at 291° Abs. was accompanied by the evolution of 1: 
calories, and at 0° Abs. 10,300 calories, 'riie freti energy c 
tion hence derived was 

PCII^ 

AF° = -RTlog„K = -RTIoge ; = - 10300 - j- 0.0'riog„ 

(PH,)' 

O.OOOST^* - 0.000 000 2 - 20.0 T. 

The value for K the equilibrium constant thus derived s) 
good agreement with the following experimentally detent 
values of Mayer and Altmaycr * and Pring and Fairlie.^ 


T° Abs. 

823 

1473 

1573 : 

K = 

0.64 

0.00244 

0.0015 0. 


evident from these figures tluit at ordiiuiry temperatures met 
is the stable substance; the higher the temperature, however 
greater the equilibrium concentration of hydrogen and the 
the value for K. 

This conclusion may be generalised by stilting Unit high 
peraturcs favour the thermal decomposition of exothermic by 
carbons to yield Ciirbon and hydrogen. 

In the absence of similar eritiiuil thita relative to iu'cty 
use may be made of the Nernst iipproxinuition formula, 
exact magnitude of the thernuil chiinge iiccompiinying tin 
action is in doubt but is of the order indicated in the cipjatioi 

C,H, = 2C + H, + 40,000 ciils. 

Now, according to the Nernst apiiroximiition formula: 

, , PC,H, Q 

log K = log i + Sn . 1.76 log T -j- XuC 

PH, 4.67 1 

where log K applies to the partial pressures of the gas 
pressed in atmospheres at a total pressure of one atmospi 
Q represents the heat of the reaction at ordinary temperab 

•Ber., 1007 , ^0, 2 , 184 . 

‘J. Ohem. Boo., 1912 , iOl, 91 . 


2ii = the algcbrnic sunmuitioii of the number of mols of gaseous 
participants in the reaction, reactants counted positive re- 
sultants negative. In this case iln = 1 — 1 = 0; hence tlic 
2nd term falls away. 

SnC -- the alg(d)raic summation of the chemical constants of the 
reacting gases, multiplied in each case by the number of 
molecules taking part in the reaction. In this case Cjj 

1 i) ; ( f — 3.2. Hence ilnC = 1 X 3.2 — 1 X 1-6 

= 1.6.* 


The equation therefore becomes; 


logK 


log 


l’(CJL) 



40,000 
4.57 T 


1 . 6 . 


From this eciuation the following values result for (1 — x), the 
amount of undecomj)c)!?ed acetylene in equilibrium with hydrogen 
and carbon at the given absolute temperatures 

T = 300^* 1,000° 2,000° 3,000° 

l — x 10"® 10-“ 0.16 4.8 


It will bo seen that over all the ordinary temperature range 
acetylene may be practictally quantitatively decomposed. Only 
at temperatures attainable by the electric arc is acetylene stable 
in marked quantity. 

In a similar manner it can be established that, of the satur- 
ated parallins, methane, ethane, propane, the former is the most 
stable within the temi)craturc range below 1,000° C. although it 
has the smallest heat of formation. This would suggest that 
carbon and hydrogc'ti could be more easily prepared by thermal 
decompositiori of tlm more complex paraffins than from methane. 
It must be observed, however, that the thermal degradation proc- 
ess is not tlio simple process indicated by the equilibrium equation 

aH,y = xC + yll. 


of valuos for tiio cbemicul constante of ditoont common gases 
are to be femnd In of Physical Chemistry/’ Vol. H, p. 75, 1919 

Mdltion, X<'or eiUculatlons Involvod In tho study of hydrogen production the 
following oomprlso a useful ielectlon of such constants r—llg = 1.0 ; CH 4 = 2.8; 
Oa = 2.ar CO = 8.5; H8B = B.0; SOa = 3.3 ; COa = 3.2; CBa = B.l; HaO = S.6; 
C®irii = 3.2» When an actual value for C Is not available it is evident from 
the majority of the exampltis cited that the value 3.0 can be used as a first 
approximation for the unknown chemical constanta. 



but that the decomposition proceeds in stages. As metlui 
undoubtedly one of these stages, the more complex par 
should require as high a temperature as methaiu! for eon 
decomposition. Furthermore, it must . be borne in mind 
methane is an extremely stable hydrocarbon, the veloci 
decomposition being abnormally slow until temireraturr's i 
neighbourhood of 1,000° C. are reached. lOven with cat! 
agents, at this temperature, decomposition is not pjirtiev 
rapid. 

Alternative to processes of thermal decomposition the pn 
tion of hydrogen by interaction of hydroc.arbons with stciii: 
also been attempted. The procedure may be (‘xphiined by ) 
ence to the case of methane. Interaction of methiine and i- 
yields a mixture of hydrogen and oxides of carbon as rej)res 
in the equations 

CH^+ H,0 = C0 +311, 

CH« + 2H,0 = CO, +4H, 

These reactions are reversible, the reverse, or methane fon 
reaction being utilised in other circumstiuices (sia; Clnipte 
for the removal of carbon monoxide and carbon dioxide from 
drogen. The process is one of catalytic hydrogenation in the 
ence of reduced ni(!kel or other suitable catalyst at tempera 
within the range of 200-400“ C. At higher temperatures 
especially in the presence of e.x<'ess of steam, t in* reaction pro- 
in the direction of hydrocarbon decomjjositiun. The cuiuil 
prevailing in these two reactions are calculable from tin 
data by nicans of the Nernst approximation formula. Ii 
reaction: ’ 

CO + 3H, = CH* + H,0 + Q calories, 

Q = -26,300 + 18,400 + 67,600 = 49,700 cals. 
2n=l + 3-l-l = 2 
2nC = 3.6 + 3 (1.6) - 2.8 - 3.6 = 1.9 

Hence 


log Kp = log 


PCOXP(H,)' 

PCH, X PH,0 


49,700 

___ 


+ 3.6 logT + 


the partial pressures of the several gases being expressed ii 
mospheres. From the equation, the following values for I 
different temperatures have been calculated 


500 800 
4 X 10-‘" 0.03 


1,000 

35 


1,500 

6X10® 


T“ Abs. = 

Kp = 

In 11 siiniliir innnnor it cun be shown for the reaction 


CO, + 4H, = CH* + 2H,0 


that 


log kp = log 


Pco, X Pn; 


4.571 T 


whence the following values are calculable: 


+ 3.5 log T- 0.4 


T° Abs. = 500 800 1,000 1,500 

Kp= 7X10-“ 0.1 31.7 10® 

Both reactions therefore share a common feature. The equi- 
librium position is in each case very sensitive to temperature. 
Below 500® Abs. the equilibrium is in each case practically quan- 
titatively on the methane side. Above this temperature the 
equilibrium position tends more and more to the side of carbon 
monoxide or carbon dioxide and hydrogen. A knowledge of these 
cciuilibria demonstrate why the methanation process is to be 
conducted in the temperature region of 200°-300° C. and why, 
for the interaction of methane and water to yield hydrogen, high 
reaction temperatures are essential. 

One further possibility in the production of hydrogen from 
hydrocarbons may here be mentioned although so far as is known 
it has not been attempted technically. Under the influence of 
high temperatures methane should react with carbon dioxide to 
yield hydrogen and carbon monoxide according to the equation 


CH* + CO, = 2CO + 2H, 

The equilibrium in this reaction is also of the same nature as 
those immediately preceding. Application of the Nernst approx- 
imation formula gives: 


Hence 

logKp 


2CO + 2H, = CH^ + CO, + 60,100 cals. 


PCO XPh* 60,100 , _ 

log _j.3.61ogT + 4.2 

PCIT X PcO, ^ 



which equation gives the following calculated values for Kp at 
different absolute temperatures: 

T° Abs. = 500 800 1,000 1,500 

Kp=: 2X10-^" 0.008 0.4 3.5X10® 

It will be seen that, in this case also, the gradient of the 
equilibrium with temperature is steep. Also, it may bo noted 
that a somewhat higher temperature would be necessary in this 
case, in order that the methane decomposition with carbon diox- 
ide be carried to the same degree of completeness as is attainable 
using steam. 

In reference to all three reactions it must bo observed that, 
once the hydrocarbon is decomposed and hydrogen and carbon 
oxides produced, these reaction products interact among them- 
selves in a manner dependent on the water-gas equilibrium 

CO + H,0 = CO, -f- H, 

which at any given temperature will determine the relative 
amounts of these substances present in equilibrium. (See Chap- 
ter III.) 

Processes of Thermal Decomposition . — (a) From coal-gas. 
Proposals to make hydrogen from coal-gas are to be found quite 
early in the literature of hydrogen production. Thus, St. John 
(B. P. 1,466/1876) claimed the decomposition of the hydro- 
carbons in coal-gas by passage of the gas through a body of in- 
candescent coke. The need for hydrogen was at that time small 
and the translation of the proposal into actual practice was not 
realised until much later. Many patents have subscqiumtly been 
obtained on special methods of conducting the process. Lessing “ 
proposed a definite temperature interval of 1,000-1,300° C. 
and retorts either empty or filled with carbon as a vehicle for 
the attainment of the necessary temperature. Since the thermal 
decomposition of hydrocarbons does not remove carbon monox- 
ide, the patent of Nauss (B. P. 2,298/1910) proposed the removal 
of this constituent by passage of the coal-gas over reduced nickel 
at 200-300° C. whereby transformation to methane occurs at the 
expense of the hydrogen 

CO -f 3H, = CH, -f H,0. 


‘B. P. 16,071/1909. 



It m:iy be i)oiiitcd out that any carbon dioxide could be removed 
by the same treatment. Tlic operation however would be beset, 
technically, with (amsidcrablc difficulty unless means were first 
devised for removal of the carbon-sulphur compounds in the 
coal gas. These would poison the nickel catalyst and destroy its 
efficiency as a methanating agent. The gas after hydrogenation 
of the oxides of carljon was next to be subjected to a tempera- 
ture of 1,000'’-! ,200“ C., in which stage thermal decomposition of 
the hydrocarbons to yield carbon atul hydrogen would be 
achieved. 

The two processes whi(!h have come into technical application 
for hydrogen production from coal-gas, namely, the Occhelhauser 
and the Bamag-Bunte processes, do not involve such an elabo- 
rate procedure. As a result the product in each case represents 
only a crude form of hydrogen. 

The OechclhuuHor process consists in passing coal-gas through 
coke which has been preheated to 1,200'’ C. The coke acts par- 
tially as a filtering medium jjartially freeing the gas produced 
from the carbon formed. The residual carbon is removed by fil- 
tration of the gas through wood shavings. It is claimed that, 
in this manner, a total elimination of the heavier hydrocarbons 
could be secured and a reduction of the methane content from 
about 25 to less than 7 per cent, ^flie carbon monoxide, normally 
present in coal-gas to the extent of 7 per cent is not appreciably 
altered in the process. As ordinary coal-gas contains nitrogen 
to the extent of several per cent this gas would also be a fur- 
ther impurity. The product therefore would be a hydrogen of 
doubtful npi)licability for the usual uses to which hydrogen is 
2)ut. Its cost per unit volume should not be greater than that of 
the original coal-gas siiuic the expense of the operation should be 
compensated for by the increase in gas volume accompanying 
the methane decomposition. 

The Bamag-Buntc I’roccss is similar in essentials and differs 
in detail. The coal-gas is freed from carbon dioxide before 
passage over white-hot coke. A purification from carbon monox- 
ide by passage over heated soda-lime (see Chapter X) is also 
proposed. Nitrogen would then be the remaining residual, which, 
unless special precautions were taken with the original coal-gas 
production, would, however, bo sufficiently great to detract con- 
siderably from the value of the hydrogen yield. The process does 



not appear to possess any advantages over those previously dis- 
cussed involving the interaction of water-gas and steam. The 
product should be markedly less pure with an operational pro- 
cedure no simpler in actual practice. 

(b) From natural gas, petroleum and tar oils. — Hydrogen 
from petroleum, natural gas and tars, is produced in a manner 
similar to that described in the last section and several technical 
applications of the method are in use for different purposes. 

The Rincker and Wolter * process utilises heavy oils or tars 
for the production of hydrogen. Two generators filled with coke 
are used for the decomposition of the hydrocarbons. The coke 
is brought to a sufficiently high temperature by means of an air 
blast, the air producer gas from the first generator being mixed 
with a supply of secondary air and burnt in the second gener- 
ator. By alternation of use as primary and secondary gener- 
ators, both bodies of coke may be maintained at approximately 
equal temperatures. The temperature maintained is governed 
by the nature of the oil and the purity of the product desired, 
as would be anticipated from the theoretical considerations ad- 
vanced in the introductory discussion to this chapter. For hy- 
drogen production, the operating temperature is in the neigli- 
bourhood of 1,300° C. After the coke has been heated by this 
air blast, oil or tar is rapidly sprayed on to the coke from 
sprayers in the upper portion of the generators. To prevent 
thermal decompsition of the oil or tar in the sprayers, the oil 
is removed immediately after delivery of the charge, by blowing 
steam through the sprayers. In contact with the incandescent 
coke the oil is gradually vaporised and decomposed, the gas 
formed forcing its own passage to the purification system through 
water seals. The air-blow averages 1 minute, while the decompo- 
sition period is about 20 minutes in duration. 

The carbon produced by the decomposition process remains 
in part on the coke and is consumed in the subsequent air-blow. 

The gas purity attainable is said to be in the neighbourhood of 
96 per cent hydrogen, the residue consisting of one-third nitro- 
gen and two thirds carbon monoxide. Undecomposed hydrocar- 
bons, especially methane, are doubtless also present. The im- 
purities represent the gas present in the generators when the oil 
spray is started, and the products of materials other than hydro- 

• S'. P. 391,867 and 891,868/1908. 



'hom in t.he oil. A pur|»;ing with jstcain might bring about a 
nimition of the nitrogi^n content but not of the carbon num- 
idi). For the renun'ul of this latter constituent the soda-lime 
aiinent has also l)t'en propostal, a reduction of this gas to less 
in O.f) p(‘r c(‘nt Ixdng (claimed. To avoid (‘linkering troubles, 
lis has sugg(‘s(ed^ the addition of a small proportion of lime to 
^ charg(‘ of coke*, so us to act as a flux for the ash produced. 

As a portable hydrogcai-prodmdng plant, the Kincker and 
olt(‘r system has Ixaai usixl by both the (ierman and the Russian 
r Servi(*t‘s. A unit capable of producing 3,500 cubic feet per 
nr (‘an b(‘ moimind on two railway trimks. The essentials of 
:> plant art* two g(*nerators, a turbo-blower for the air-supply 
(I an oil pump. The only raw materials retpiiring transport 
c cok(‘ and oil. The hydrogtm produced has been found to be 
fRt‘ienily purtj for use, without additional purification, in kite 
lloons. 

A pat('nt to d(‘S(*ribes an apparatus in which such an 

(‘ration as tlu‘ Rincker-Wolter process may also be carried out. 
check(T-brickwork (‘humbcr is substituted for the second coke 
nerator, h'ratikd’ (*mi)loyH two generators containing coke or a 
fraetory together with specially purified natural gas for the 
me purpose. Barth and Lowe have similar proposals for 
0 production of (airbon and hydrogen. Modifications of the 
itu'ker-WoltcT pro(‘.eHB studied in this country rcceiitly have 
nionst-raied thc‘. ixvssibiUty of obtaining a 96-98% hydrogen by 
is pro(*cHs. The residual gas is mainly methane and carbon 
onoxide whi(^h arises from the water or oxygen compounds pros- 
it in the oil or introduced during the operating process. 

A process devised by Brownlee and Uldingor (U. S. P. 1,168,- 
il/1910; 1,266,043/1918) has been utilised to produce a hydro- 
sn, suitable for cutting and welding purposes, from natural gas 
t raw material. Petroleum oils may be substituted for natural 
IS but the plant is not then so simply opcnited. The process 
ffers from the Rincker and Wolter ])rc)cess in that the necessary 
ait for thermal decomposition is obtained by combustion of a 
)rtion of the natural gas with air. A body of refractory ma- 

ML B. P, t,002.aoa/t9t4. 

Ml. B. P. 1,092,008/1914. 

• tJ. B. P. 1,107,920/1914. 
n. 8. P. 1,729,925/1916. 
n. S. P. 1,174,611/1910. 


terial is substituted for coke as the vehicle of heat storage. Spe- 
cial attention is paid to ensuring the absence of easily reducible 
oxides in the refractory. The operating temperature is above 
1,200° C. Pressures greater than atmospheric arc preferred. In 
the main, the carbon formed in the decomposition reaction is car- 
ried along with the hydrogen and may bo removed from the gas 
by water washing. Any carbon remaining in the refractory sys- 
tem is burned away in the subsequent air-blow. The carbon 
produced is suitable for certain purposes to whicJi lamp-black is 
put, though it is of inferior quality to the product obtained by 
incomplete combustion of natural gas. 

Operated for a cutting or welding product a gas containing 
90-93 per cent hydrogen is produced, the residue consisting 
mainly of carbon monoxide and nitrogen with a little unchanged 
methane. For purposes in which a purer hydrogen is required, 
it is claimed that the initial product may be obtained with a 
hydrogen content greater than 95 per cent. This presupposes, 
however, a fairly pure natural gas. Natural gas with a high con- 
tent of inerts would obviously be useless for pure hydrogen pro- 
duction. The economy of hydrogen production by this process 
compares favorably with that of other processes when a high 
purity is not essential. The addition of a purification system, 
however, would materially enhance the cost of the process. Spe- 
cial consideration will be given to such processes at a later 
stage. 

The deterioration in the quality of carbon black produced by 
processes of thermal decomposition is ascribed by Bacon, Brooks 
and Clark to the length of time which the carbon remains in the 
heated zone of the system. The rich lustrous black which is 
first produced changes to a dull grey product when kept at a 
temperature of 1,200° C. To ensure a rapid removal of carbon 
from the heated zone with the consequent recovery of both car- 
bon and hydrogen in a form of maximum commercial value, is the 
object of the patent proposals of Bacon, Brooks and CIark.“ 
The liquid hydrocarbon is supplied in a thin stream to the de- 
composition zone of the plant which is made up of the annular 
walls of a series of graphite rings which are heated to a tempera- 
ture exceeding 1,200° C. by means of an electric current, and 
are encased in a gas-tight refractory lining having an outside 

«TJ. S. P. 1,220,891/1917. 


jtftl shell. By adjustment of hydrocarbon supply and dccompo- 
ion temperature a suflicient velocity of gas flow is maintained 
rough the decomposition zone so that the carbon black is held 
suspension and is rapidly carried away to a settling chamber, 
e hydrogen formed passing thence to a gas holder. 

(c) From Acetylene . — ^Thc decomposition of acetylene has 
cn operated by the Carbonium Gcscllschaft of Friedrichshafen 
r the production of carbon black with hydrogen as a by- 
oduct. hlarly obstacles to the successful use of the process 
naisted in the low grade of carbon produced and difficulties in 
ihnical operation. These latter were overcome by operating 
cording to the patents of Machtolf,^® the acetylene being sub- 
;tcd to pressure not exceeding 6 atmospheres. The specifica- 
ins provide one cluimbcr for explosion of the gas and a carbon- 
ick separator into which the gas-carbon mixture is blown and 
parated. A rotary scraper operating within the explosion 
amber removes lamp-black adhering to the walls of the vessel 
d prevents its accumulation in the explosion system. When 
B technical diflicailtics were overcome the process was operated 
r a period of two years, the by-product hydrogen being used by 
B neighbouring Zeppelin station. It was found, however, that 
B carbon black produced was inferior to the better grades of 
ncri(-an carbon black and consequently could not command an 
ual i)rice in the market. This rendered the process uncconom- 
d and according to information available in 1914 the process 
d been (lis(K)ntinued. It is not known whether, in recent years, 
B plant has again come into use. 

The thermal decomposition of acetylene has been proposed 
Pictet.** Since the formation of acetylene from its elements 
an cndoth((nnic reaction, the decomposition is accompanied by 
e evolution of heat. Consequently a tube heated initially to 
0° C. would rapidly rise in temperature when acetylene was 
composed within the tube, unless special devices were installed 
keep the temperature constant. Pictet suggested a variety of 
lys in which this could be accomplished. The heat of reaction 
more than sufficient to keep the process thermally self-sus- 
ining. Hence, after the reaction has started, external heat is 
necessary, the incoming gases being automatically raised to 

«n. K. P. 194,801/1005; 10-1,989/1906; 207,520/1907. B. P. 14,001A906. 
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reaction temperature. The outlet end of tlic reaction tube can 
be cooled to prevent deterioration of the carbon-black resulting 
from the decomposition. The surplus heat may also be used up 
in the evaporation and thermal decomposition of liquid hydro- 
carbons having a positive heat of formation. Various other pro- 
posals involving the use of steam and the production of a 
hydrogen-carbon dioxide mixture are also included in the patent 
specifications. It seems unlikely that any of these proposals can 
have reached a technical stage of development partly owing to 
the raw materials cost and partly owing to the difficulties which 
the technical control of such mixed reactions would involve. 

Processes of Interaction with Steam— To promote the de- 
composition of hydrocarbons at lower temperatures than is pos- 
sible with exothermic hydrocarbons by processes of purely ther- 
mal decomposition, interaction with steam in presence of a cata- 
lyst has been the object of many patent claims. As long ago 
as 1880 Stern suggested the use of lime as contact agent for 
the decomposition of naphtha by steam. Dieffenbach and Mol- 
denhaur^® claim as active catalytic agents wire gauze made of 
nickel, cobalt, platinum or similar metals. By disposing the 
gauze at right angles to the direction of gas flow, a very short 
time of contact and thereby a sudden cooling of the reaction 
products could be secured. Operating in tliis manner, it was sug- 
gested that the carbon dioxide formed has little opportunity to 
be reduced to carbon monoxide. Oxygen could be added if de- 
sired to rnaintain reaction temperatures. It is extremely doubt- 
ful whether this process could be operated to yield a hydrogen- 
carbon dioxide mixture. Subsequent reaction at a lower tempera- 
ture to cause the interaction of steam with any carbon monoxide 
produced to yield carbon dioxide and hydrogen would, therefore, 
seem to be necessary. The patent to the Badische Co.^’' specifies 
the use, as catalyst for the same reaction, of a refractory oxide 
such as magnesia, acting as catalyst support to nickel present in 
the refractory in concentrations ranging from 2 to 6 per cent and 
maintained at a temperature of 800°-l,000® C. Any carbon mon- 
oxide formed was to be removed in a subsequent operation. Ex- 

«B. P. 2,787/1880. 
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pcrimciitfj with this process using such a catalyst and hydrogen 
containing small concentrations of methane gave poor results. 
This suggests that, even at the high temperatures specified, the 
hydrogen-carbon monoxide mixture produced by interaction of 
steam and hydrocarbons would contain residual undccomposcd 
hydrocarbons unless impracticably low velocities of reaction were 
employed. 

Pictet^® suggests the use of high temperatures alone for the 
production of hydrogen and carbon monoxide from petroleum 
and steam. 

In the preparation of a nitrogen-hydrogen mixture suitable 
for ammonia synthesis it has been stated that the use of an air- 
stcam-producer gas-water-gas mixture results in a hydrogen- 
carbon dioxide-steam mixture containing only the equilibrium 
concentration of methane (ace page 75) when an iron oxide 
catalyst at 600‘’-600° C. is used. The writer has not, thus far, 
been able to confirm this result experimentally. The point how- 
ever is one of considerable technical importance since it sug- 
gests the possible utilisation of cheap gaseous by-products such 
as coke-oven gas for the production of hydrogen-nitrogen mix- 
tures for ammonia synthesis. 


’•B. P. 14,703/1011. 



Chapter IX. 

Miscellaneous and By-Product Hydrogen Processes. 

The Decomposition of Alkali Formates . — Alkuli formiitcs 
when subjected to moderate heat yield the corresponding oxalate 
with evolution of hydrogen 

2HCOONa = (COONa)^ -j- 

Since the development of synthetic methods for the production 
of formates this reaction has become increasingly important and 
capable of yielding marked amounts of hydrogen gas as a by- 
product. Thus, in the production of a 2,000 Ib.-ton of oxalic 
acid, the by-product hydrogen should amount to not less than 
8,000 cubic feet. 

The reaction is ordinarily conducted with the sodium salt. 
Sodium formate can be prepared in a variety of ways, from 
caustic soda as starting point, utilising one or other of the tech- 
nical fuel gases as source of carbon monoxide. 

Formate Synthesis. — Goldschmidt’s patent (B. P. 17,006/ 
1895) claims the production of formate by the action of com- 
pressed carbon monoxide on caustic soda or, preferably, soda- 
lime, at a temperature of 230° C. The Elcktrochemische Werke, 
Bitterfeld,^ use a much lower reaction temperature of 100°-120° C. 
employing the gas under pressure. The presence of small quan- 
tities of moisture, 0.1 to 0.15 per cent water, in the caustic 
soda, accelerates absorption according to the claims of Nitrid- 
fabrik G. m. b. H.^ The use of caustic soda solutions as absorp- 
tion medium is the claim of other manufacturers. Koepp and 
Co.” use a 35 per cent solution and a temperature of 220° C., 
requiring, therefore, the employment of pressure. A later patent * 


cillinc-ciirth hydroxides or by ulkiilinc-curth hydroxides nlone. 
eisc and llieche specify n 20 per cent soda liquor heated with 
1 gas eontaioiug carbon monoxide under pressure. The United 
kali Clo." c.laim that rairid and complete absorption is ob- 
ned with the solid absorbent if titanic acid to the extent of 
per cent is i)rcscnt in the reaction mass. Norris ’’ claims the 
of ferric, oxide for the same purpose. 

Meistcr Lucius and Briining® employ a calcined alkali car- 
natc and desiccated calcium hydroxide ns the absorption agent, 
lis and McBllroy ” employ calcium carbonate suspended in 
tor as the absorption agent, using carbon monoxide or air pro- 
ffer gas under pressure to effect the conversion to formate, 
ibosc, Luttringcr and Denis propose the use of ammonia or 
!;nni(5 bases in presence of metallic catalysts at temperatures 
iween 90“ and 170° C. at atmospheric pressure. Katz and 
itz (U. S. P. 1,212,359/1917) allow a 32 per cent solution of 
iium hydroxide to pass downwards in a finely divided con- 
ion through a tower up which a stream of ammonia and car- 
r monoxide is passing. A pressure of 10-20 atmospheres and 
apcraturcs been 150° and 220° C. arc specified. Lackmann’s 
:,ont is similar to the earliest patents and uses granular so- 
im hydrate passing counter current to a stream of preheated 
tcr-gns or other gas rich in carbon monoxide. 

Formate Decomposition . — ^As already stated, the dccompo- 
on of sodium formate is ordinarily undertaken with a view 
maximum oxalate yield. The precautions taken in this di- 
tion, liowcver, also favour pure hydrogen production, since the 
ruritics in the gas arise from oxalate decomposition. A sum- 
ry of a study of the process recently made by Leslie and 
[•pouter shows that the best conditions for the conversion of 
ium formate to oxalate arc the following: (1) the admixture 
jodiura hydroxide approximating one per cent of the formate/® 

»TI. 8. I>. 1,008, 1.W30H. 

»B. r. 18,058/1007. 

P. 4,684/1010. 
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(2) an absolute pressure approximating 14 inches of mercury 

(3) a temperature of 350° C. As it is a matter of difliciilty to 
heat a large quantity of formate quickly to 350° C. the con- 
version processes should be a continuous one in which small quan- 
tities of formate only arc subjected to the inllucncc of the ex- 
perimental conditions at any one time. .tJnless the reaction mass 
is brought quickly to the stated rca(‘.tion temperature other de- 
composition products result in greater or less degree. With these 
conditions observed a 90 per cent conversion to oxalate can 
readily be secured. 

The hydrogen produced will contain varying quantities of 
carbon monoxide dependent on the cfficdeiu^y of the conversion 
process. The secondary decomposition of sodium oxalate yields 
sodium carbonate and carbon monoxide. 

Na.C^O, = Na,CO, + CO. 

It is apparent that, both from the oxalate and the hydrogen 
standpoint, this is undesirable. The gas, if (U)ntaining undue 
amounts of carbon monoxide,, would rcciuire purifuaition by one 
or other of the methods given in the succeeding chapter. No 
data as to purity of hydrogen attainable seem to be available, 
as, hitherto, the process has been conducted sokdy for oxalate 
production. 

It should be pointed out that the dccannposidon of metallic 
formates docs not always yield the corresponding oxalate. Dry 
distillation of calcium formate has long been known to yield for- 
maldehyde, methyl alcohol, some aeteone and also empyreumatic? 
products in addition to gaseous produ(*.tH (a>niaining hydrogen, 
carbon monoxide and carbon dioxide. Solutions of the formates 
of zinc, lead, tin, copper, nickel and cobalt wctc shown by 
Ribau,^® who heated the solutions in scaled tubes at 175° G., to 
yield hydrogen, carbon dioxide, mcttillic oxide or (airbonate. Ru- 
bidium, calcium, barium and magnesium formates at 360°-420° C. 
give carbonate, no oxalate, and a gas containing the oxides of 
carbon.^® Goldschmidt^’' showed that stannous formate gave 

« Cf. Mehtroohemiache Werhe Bittorfeld. B. F. 19,943/1007. 
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yields of forniukU'hyde iuui methyl fomuitc when heated. 

3(HCX)()),Sn 3SnO, + 3HCH0 
2HGH0 = HCOOCH 3 . 

,c hydrogen-yk'Iding roaetioti is entirely secondary in this (iase. 
lc problem of formate do(‘.()mp()sition has recently been studied 
detail by Hoffmann and his co-vvorkers wlio have shown that, 
th most formadc‘s, prodiud-s other than hydrogcai and tlic eor- 
;ponding oxalate result. With sodium and potassium formates 
wcv(M*, hydrogen is the first volatile i)rodu(‘,t, oxalate being 
ined, se(H)ndary deeoini)osition then leading to carbonate and 
rbon monoxide. 

Hydrogen jrom Dehydrogenation Processes 

It is possible that the development whi(^li has occurred in the 
two docuidcB in regard to catalytic hydrogenation processes 
11 be paralleled in the coming years by a similar development 
dehydrogenation processes. In su(*h case, hydrogen will be 
oduced iti (puintity wh(‘reas now it is (‘onsumed. The logical 
velopnuait would seem therefore to be an extended effort to 
mbine in one plant dehydrogenation pro(*esscs with processes 
hydrogenation so that the liydrogen produced in one operation 
uld be utilised in tlie other. As an example of such from the 
4,ory of th(^ past few years the case of Messrs. Crosficld of 
arrington, hlngland, may be cited. Armstrong and Hilditch 
.ve re(‘ently recordtul that, during the war many hundreds 
tons of ah'ohol w(Te dehydrogenated to yield acetaldehyde. 
ID liydrogen by-product was utilised for tlic hardening of liquid 
ts. 

It is otitside tlie sc’ope of this volume to give a general treat- 
mt eff the prol)Iem of dehydrogenation. Ileference may be 
luh in this inaltcT to recent books on catalysis.^^ The general 
oblern may be illustrated, liowevcr, by the special case al- 
ady mentioned. 

Sabatier and SeinhaeriH showed that ethyl alcohol, when 

^ 9 , SOB; 1018, St, 1,308. 

1^01/. Sqo., 1.920, 97A, 250. 


passed over heated copper, preferably at about 300'^ C'., is re- 
solved into acetaldehyde and hydrogen 

CH3CH,0H = CH 3 CHO + II 3 . 

This process was developed by Messrs. Josepli Ch'osfic'ld and 
Sons, Warrington, England, during the war, into a technical] proc- 
ess whereby the aldehyde was produced, in large scale operation, 
with a conversion efficiency amounting to 90-93 i)er (‘cnt cahai- 
lated on the alcohol used. From 20 to 25 per cent of th(‘ ahaihol 
was converted at each passage over the metal into an eciui- 
molecular mixture of aldehyde and hydrogen. To obtain the 
former, the vapors were cooled and then passed into iin edaborate 
fractionating column in which the aldcdiydc was separated from 
the hydrogen and alcohol. 

The technical operations may be deduced from the following 
tables compiled from an experimental study of the', proc'css by 
Armstrong and Hilditch. These authors state that the propor- 
tion of by-products in their experiments was of the order obtained 
in the actual large scale process. 


Alcohol 
Per Cent 

Tem- 

pera- 

ture 


Oas Evolved 


Ratio 

CH,CnO:H, 


CO, 

CJI, 

CO 

"67//’ 

Anhydrous 

300° C. 

76.6 

2.4 

0.7 

3.5 

8.7 

.67 

92 

300 

91.0 

1.5 

0.3 

0.0 

4.0 

.95 

92 

330-335 

97.1 

... 

... 

... 

» • • 

.55 

92 

325-330 

98.9 

. . . 

... 

. . . 


.67 

75 

325-330 

98.0 

. . . 

... 

. . . 

m m m 

.83 

50 

325-330 

91.7 

... 

... 

... 

... 

.83 


It is evident (a) that the presence of water improves the 
yield of acetaldehyde relative to that of hydrogen, (h) Using 
alcohol of a given concentration (c. g., 92 per cent), as the tc'm- 
perature is raised, the yield of aldehyde is considerably lessened, 
although the amount of alcohol decomposed and the volume of 
hydrogen produced are much increased. At 330® C. the pro- 
portion of alcohol attacked is about 60 per cent of the total 
quantity passed as against 20-25 per cent at 300® C. (c) At the 
higher temperature the yield may be partially restored by using 



i‘c)li()l (‘onlnitiiiif*; a larger proportion of water, (d) Even at 
lO" if alcohol rendered as anhydrous as possible be used, 
e yi(‘ld falls seriously, (e) The use of 92 per cent alcohol 
si('n(l of anhydrous alcohol rtiises the purity of the hydrogen 
tained. 

Whaiev(T the conditions, sniall ciuantities of by-products 
‘r(‘ always prochuHal, the total amount being normally of the 
tl{‘r of 1 or 2 p('r cent of the ahh'hyde formed. 

Assuming a 90 pcT (*ent th(a)reti(‘.al hydrogen yield it may be 
hnilaied that pt‘r 2, ()()() ll).-toti of ahadiol dc^hydrogenated a yield 
upwards of 15,000 (aibic leet of hydrog(‘n can be produced, 
is (ndd(‘nt that, by suitable (‘ombination of such a process 
th an alli('d hydrogenation process, economies are possible, 
is, doubtlc'ss, in the fine (‘h(‘mi(ails industry, that this and 
ler l>y“i)rodu<d- hydrog(at processes will find their utility. 

Hydrogen from Fermerdation Froaesses. 

The fernu'utation of starch by means of the ^d^'ernbach” or 
/eizmann” pro(‘(‘Bs, yic'lds, as main reaction products, acetone 
d butyl alcohol. ,Fernba('h showed in 1910 that by fermenta- 
lU of starch-con tainitig materials with a particular micro-or- 
nism the produeds were a(‘etone and butyl alcohol in the 
do of 1 : 2. The shortage of acetone during the war led to a 
velopmcmt of this pro(‘ess with the aid of a bacillus of the 
ig rod type which was furnished to the British Government 
Dr. 0. Wcuzmann of Manehester. The manufacture of aco- 
rn by means of this culture was carried on in Britain, Canada 
d the United States, in the latter country at the plants of the 
immercual Distillery Co., and of the Majestic Distilling Co., 
rre Haute, Indiana.^'^ The munufacdure of acetone by the 
^izmann process attained the greatest Buceess at the factory 
British Acetones, Toronto, Ltd., in Canada, where an output 
200 long tons a month was eventually reached. 

As medium for the process a mash containing from 6-10 per 
it of grain, usually maize, was employed. Fcrnbaclds process, 
rted at Kings Lynn, had previously employed potatoes which 
re at that time the cheapest raw material in England. An 

»» For farther historical dlscuttion of this sahjoct we Confereace on 
&nt I>©velapm©nti In the Ifermcmtatlon Industries, J. Boo, Chem, Xnd,, 1919, 
271 T. 


important by-product in the fermentation process is tlie evolved 
gas, which, throughout a whole fermentation period, will analyse 
50 per cent hydrogen and 50 per cent carbon dioxide. In (j[utai- 
tity, an average of 5.5 cubic feet of mixed gas at 27° and 760 mm. 
can be obtained per pound of maize fcrnuuited. The ratio of 
hydrogen to carbon dioxide is not constant throughout the proc- 
ess as shown by the following table due to Reilly iind others.-® 


Time 

Oas.C. ft/hr 

o 

o 

11. 

Air 

June 28/16 





4 pm. 

• • V 

. ... 

• •mm 

100 

7 pm. 

253 

11.5 

38.5 

60 

8 pm. 

834 

27.1 

57.9 

15 

9 pm. 

822 

40.3 

55.2 

4.5 

10 pm. 

660 

40.0 

59.0 

3.0 

11 pm. 

June 29/16 

760 

50.3 

47.2 

2.5 

9.30 am. 

1186 

62 

38 



From the time of the last observation to the end of tlic fermenta- 
tion period the percentage of carbon dioxide did not alter. Reilly 
and his co-workers state that the high percentage of hydrogen in 
the early stages is probably due to solution of carbon <lioxidc 
in the mash. This view is disputed by Spetikman •* who showed 
by experiment that the gas produced at the immediate commence- 
ment is pure hydrogen the percentage of which begins to fall due 
to production of carbon dioxide with imireasing rapidity. For 
the mechanism of the fermentation process he makes the fol- 
lowing suggestions as to the sequence of changes: 

xCoHioOb -f xH^O = x(C„Hi20„) 

Starch Glucose 

= C,H,COOH -4- CH.COOH -{- [OJ 

Butyric Acid Acetic Acid 

CsHjCOOH -H [0,] = 2CH3C0CH,C00H + 2H, 
CH^COCH^COOH = CH 3 COCH 8 -f- CO, 

C,H,COOH -f- 2H, = C*H„OH -1- H,0 
CH3COOH + 2H, = CaH^OH + H,0. 

" Biochemical J., 1920, Xh, 229. 

** Biol, Ohem., 1920, 401. 
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The purific^jition of sueli hydrogen for utilistition in various 
ways sliould not be dillicult. The pressure water-washing process 
previously (lis(aisscMl (p. 72) would undoubtedly be the sim- 
plest method of (‘onverting tlic mixed gas into a sufficiently pure 
hydrogen for teelmi(‘.a,l use. 

''Fhe (‘omm(‘.r(‘ial feasibility of the acetonc-butyl alcohol is 
eotidit.ioned by the use which may be made of both main products 
and of the by-prodiu'ts. The solid residue from tlie fermenta- 
tion pro(‘.(‘ss, approximately 13 per cetit of the total maize used, 
has a high oil and allniminoid content. Its dilution in the vat 
liquors is an obstiu'le t<^ its su(u;essful utilisation, the concentra- 
tion of solid matter hiding 1 cwt., in 1,500 gallons of li(|Uor. The 
gases evolved have a distinc.t potential value which must be 
taken into (‘onsideration in a discussion of the possibilities of the 
process. 

Fermentation proc^esscB yielding mainly acetone and ethyl 
alcohol with hydrogcai as a by-product have also been the sub- 
ject of experimentation.*” 

The Ilydrogenitc Process, 

Analogous to the silic-ol and aluminium processes for the prep- 
aration ol hydrogen this prota^ss uses ferro-silicon and alkali 
but at high Uanpia’atun's with a relativcdy small amount of 
water. It is diui U> Jaubert*” and was developed essentially for 
use in the ru‘ld. 

Tlie ('xothermicity of tlu^ oxidation of silicon to tlie dioxide is 
the basis of th(^ process 

Hi + ()g Si().j + 180,000 calorics. 

This reac^iion is sufficiently energ(‘tic that, oiua^ initifited, the 
ac.tion is HUfliciiaitly iniense to bring about the withdrawal of 
oxygen from solid sodium hydroxide. 

The mat(*rinl emi)loyed for field us(‘ (‘onsists of 25 parts of 
ferro-silicon, containing upwards of 90 per cent silicon, 60 parts 
of caustic soda and 20 parts of soda lime. It is produced in 
eompressed blocks of an intimate mixture of these ingredients, 
originally in a finely powdered form. So produced, it is kept in 

»» North nip, A«ho imd Soulor, J, DM, Cthmi,, 1919, $$, 1 ; J, Xnd, Bng, 
aiwm,, 1919, Mi, T29. 



air tight containers until used. For use, the heavy lid is first 
loosened and allowed to rest on the container placed centrally 
in a water-jacketed generator. Reaction is started by applying 
a match to a small quantity of powder through a small hole in 
the lid. The reaction is propagated throughout the mass of solid 
and hydrogen is liberated at a high temperature with great ra- 
pidity. The heat of reaction is sufficient to generate steam in the 
water jacket of the generator and this steam is finally admitted 
to the reaction mass, increasing the hydrogen evolution and slak- 
ing the reaction mass. The net effect of the whole process is 
therefore, as in the silicol process. 

Si -I- 2NaOH -j- H,0 = Na^SiOa -j- 2H,. 

It will be seen, however, that the water required in this case is 
much less than that in the silicol process, in which a solution of 
caustic soda is employed. 

The process is protected by numerous patents of which B. P. 
153/1911 covers the reaction as just described. The French army 
has used the process in the field. Waggons liolding 6 generators 
and a central cooler and washer have a capacity of 5,000 cubic 
feet of hydrogen per hour. The product is of a high purity sim- 
ilar to that obtained in the silicol process. The weight of ma- 
terials necessary to the process is about 200 lbs. per 1,000 cubic 
feet of hydrogen and, therefore, about one and one half times the 
weight requiring transportation in the silicol process, providing 
water is available for the latter at the point of use. Where this 
does not hold, the hydrogenite process is manifestly advantageous. 
The cost of gas production is higher even than in the silicol 
process due to the greater proportion of alkali consumed. 

An older process similar in principle to the “hydrogenite” 
process is based on the affinity of zinc for oxygen. Heated soda 
lime and zinc dust yield hydrogen 

Zn + (NaOH — Ca(OH) ,) = ZnO + CaO NaOH -j- H,. 
Experimental work on this reaction was conducted by Schwarz " 
and its applicability in the field has been tested by Majert and 
Richter. 


” Ber. isse. 19 , 441. 
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Ilydrocjeri jrom SidpJddea. 

Biirium svilj)lu(lo is oxidised l)y stciiiii to barium sulphate, hy- 
drojj;en being simultaneously formed. 

BaS + 4rLO = BaSO, + 4H„. 

The barium sulidiate may then be reduced by coal or producer 
gas to regetu'rate the sulphide.-” '^Phe process docs not seem to 
offer, as yet, tcchnicad interest suOicicait to have earned for it 
close study. 

Combination of this reaction with an oxygon-generating proc- 
ess is proposed by Teissier and Chaillaux (F. P. 447,688/1912) 
in the hdlowing secnuaicc of reactions: 

BaSO, -I- 4MnO = BaS -f 4MnO, 

4MnO, = 4MnO -f 20., 

BaS -}- 4H,0 = BaSO, -f 4H,. 

Iron pyrites treated with steam generates hydrogen, hydrogen 
sulphide and sulphur dioxide.*® Temperatures between 750° and 
1,000" C. are maicssary. On cooling, the interaction of hydrogen 
sulphide an<l sulphur dioxide yields sulphur. 

2II,S + SO„ = 3S -f 2H,0. 

Eesidual sulphur dioxide, may be removed by water washing, 
hydrogen Hul|)hid(' by tlui usual purification methods (sec p. 173). 

Hydrogen from Adds. 

Karly aeronautical needs were supplied from acids and scrap 
metals. Normally such processes arc too expensive in raw ma- 
terials but arc convenient occasionally, in the field, as special 
apparatus is not required. The British manual of military bal- 
looning issueil in 1896 described a plant for use in such cases. 
Dilute sulphuric acid (1 acid : 4 water) was employed, 30 gallons 
of such acid being used for 60 lbs. of granulated zinc. The gas 
was generated in a copper retort. The gas was freed from acid 
spray by passage through a layer of granulated zinc in a second 
copper chamber and passed thence through a water scrubber to a 
gas holder. 
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More recently, proposals to utilise acids for hydrogen pro- 
duction have involved waste acids or, alternatively, methods 
whereby the products of reaction could be utilised for other pur- 
poses. Thus, the utilisation of hydrochloric acid from the salt- 
cake process has been proposed, a tower packed with scTap iron 
to be used for absorption of the gas by water, the hydrogen pro- 
duced by interaction of the acid and iron to be colled, ed and the 
ferrous chloride worked up for other purposes. The interaction 
of zinc and dilute sulphuric acid, giving hydrogen and zinc sul- 
phate has been suggested, provision being made to c\'aluatc the 
process by working up the salt for the production of zinc carbon- 
ate as a pigment or a filler. The interaction of nitre-cake and 
scrap metals is a proposal for hydrogen production involving the 
consumption of cheap by-products. 



Chapter X. 

The Purification and Testing of Hydrogen. 

The purification of commercial hydrogen is as important a 
tion of hydrogen technology as the generation of the gas in 
mtity. This is so because, in the majority of uses to which 
gas is put, the abscn(ic of certain impurities is essential, 
as, for example, in ammonia synthesis, traces of oxygen, car- 
1 monoxide and water vapor exercise a very adverse effect on 
synthetic operation when iron or iron-molybdenum catalysts 
used. In the hydrogenation of oils, the reaction velocity of 
hardening process is markedly decreased by the presence of 
•isons” such as sulphides and carbon monoxide ^ and by dilu- 
8 such as nitrogen, carbon dioxide and hydrocarbons.® In the 
uction of tungsten and in the evacuation of electric filament 
ips, absence of carbon compounds is desirable so as to mini- 
!c the presence of carbides in the metallic product. This also 
ds in the case of the fusion and working of the platinum 
bals. 

Extended investigation will doubtless show that, by modifica- 
1 of the catalytic agent or of the operating conditions, catalytic 
irogenation may be carried out with hydrogen not so rigor- 
ily purified as is that now employed in the majority of cases. 
B use of water gas as reducing agent in the catalytic reduction 
nitrobenzene in the vapor phase, the employment of “lique- 
tion process” hydrogen in certain fat hardening works are 
mples of efforts in that direction. In such cases, the eco- 
nic balance will be struck between the expense of purification 
the one hand and the lowered efficiency incidental to the use 
the less pure product on the other hand. 

The main impurities in industrial hydrogen prior to the 


bon sulphur compounds, carbon dioxide, carbon monoxide, hydro- 
carbons, nitrogen and water vapor. The number and amounts 
of these impurities present in any given technical product varies 
with the method of production and the efiiciency with which the 
operation of production is conducted. Thus, hydrogen produced 
by the steam-iron processes has varied, in different plants visited 
by the writer, from 97 per cent to 99.9 per cent hydrogen. The 
former is an unnecessarily impure product, resulting from poor 
supervision and control of the plant. The latter represents a 
product produced under the strictest control and with sacrifice 
of yield to purity of product. In general, the product from the 
process is intermediate in quality but more closely approximat- 
ing the higher quajity example. 

To obtain a general survey of the purification problem the 
following tabulated data are given referring to the impurities in 
the products obtained by the more important processes detailed in 
the preceding chapters. The purification processes which are 
outlined in the following pages have been worked out in the main 
with special reference to one or other of such produetKS. The fig- 
ures indicated in each case represent average practice rather than 
extreme cases. The figures are based on dry gases. Most of tlie 
products, however, would be saturated with water at ordinary 
temperatures. 


Process 

Hydrogen 

% 

Hydrt^en 
Sulphide and 
Carbon Disul- 
phide 

Carbon 

Dioxide 

Carbon 

Monoxide 

1 

w' 

.1 

y, 

1 

Steam-Iron . . . 

98.5-99 1 

0.05 

0.5-1 

0.2-0.3 


0-0.25 


Liquefaction . . 
Water-gas Ca- 

97-97.5 

.... 


1. 7-2.0 


0.85-1.0 



talytic (after 
CO2 removal) 

92.6 

Traces 

0.25 

2.9 

'0.45 

3.75 

PosMible 

Truces 

Ditto with shift 
of equilibrium 
Electrolytic ... 

96-97 

99.5-100 

Traces 

Traces 

0.0-0.2 

0.3-0.5 

3-4 

0-0.5 


Purification from Sulphur Compounds 

The main sulphur-containing impurity in technical hydro- 
gen is hydrogen sulphide. Carbon sulphur compounds may be 



cnt in minimill <iu:intitic;s. The processes in which these 
pounds require rcmoviil iirc the stctim-iron process tmd the 
3r-p!!is Ciitiilytii! processes, together with the various proc- 
s starting from hydrocarbons, if these contain sulphur in 
raw materiiiL In the liquefaction process, all the sulphur 
pounds iirc removed either in the initial purification process 
r to liqucfiiction (see C’hiiptcr IV) or arc frozen out during 
liiiucfiuition of the carlion monoxide. In the electrolytic 
;css the i)roduction of sulphur-c.ontiiining impurities is highly 
robablc. 

')wing to the ease with which the reaction 
CS, + 2H,0 = CO, + 2H,S 

irs in contact with iron or iron oxide at temperatures in the 
in of 300''-700" ()., the gases produced in the steam-iron proc- 
an<l in the water-gas catalytic processes will only contain 
.itc quantities of carbon disulphide. These will be too small, 
rally, to exercise any deleterious influence in the subsequent 
t)f the gas. For, in the processes (pioted, the reaction produc- 
lydrogcn involves a large excess of steam and the equilibrium 
lie above reaction is largely on the right hand side of the 
ition. Consequently, the removal of sulphur compounds will 
Ivc essentially the removal of sulphuretted hydrogen. This 
morally the first of the impurities in hydrogen to be climi- 
d. 

rho gas may be removed from hydrogen by the same methods 
sh are employed in gasworks practice for its removal from 
gas. The purification is attained by passage of the gases 
aining Rulphurcttcd hydrogen through purifiers containing 
it oxide of iron or, in certain cases, moist lime. For hydro- 
sulphide alone the former is preferable, but when it is dc- 
1 also to eliminate carbon dioxide, lime is frequently cm- 
ed, though treiitment with moist iron oxide followed by 
bbing with solutions of alkalis is coming into use. By what- 
mothod practised, the purification can be chrried to a high 
ce of completeness. 

I'or iron oxide treatment, the principal materials finding ap- 
ition are bog iron ore, a naturally-occurring hydrated oxide 
■on, and various artificially prepared hydrated ferric oxides. 
3, “Lux” a trade product finds much favour and is obtained 


from bauxite by fusion with soda and subsequent lixivation, 
yielding a solution of sodium aluminate and a colloidal hydrated 
oxide of iron. Absorption of the hydrogen sulphide is generally 
carried out in a purification system consisting of closed boxes 
carrying trays of the material, either iron oxide or lime, gen- 
erally lightened by sawdust or similar substances making for 
porosity. The arrangement of the purifiers and directions for 
efficient working are well known and can be learned from a stand- 
ard gas works manual.^ It must be mentioned that in hydrogen 
purification it is not possible to practice revivification in situ of 
the spent oxide as is usual in coal gas practice. This procedure 
consists in the simultaneous admission of the foul coal gas and 
air to the oxide box system whereby the iron sulphide obtained 
in the purification process 

Fe^Os-xH^O -f 3HoS = Fe^S, + (x + 3)H.O 
Fe^Sa = 2FeS + S 

is simultaneously oxidised to sulphur and iron oxide 

2 Fe 2 S 3 + 3O2 = 2Fe203 + 3S2 
4FeS -f 3O3 = 2Fe,03 + 2S3. 

In this way a system of purifiers in coal gas practice can be 
maintained in use for a considerably longer interval of time than 
is possible if no air is admitted. For pure hydrogen production 
this is not possible owing to the nitrogen and other gases which 
would thus enter the hydrogen gas. 

The low capacity which iron oxide boxes therefore have, when 
used for purifying hydrogen, as well as the expense involved in 
the charging and discharging of the purifier system, have 
prompted efforts which have been made to eliminate iron oxide 
box practice as far as is consistent with efficient removal of the 
impurity. Efforts have been made to remove sulphuretted hydro- 
gen by scrubbing with a suspension of colloidal iron oxide in 
water. Experiment has shown that in this manner removal of 
the impurity is not complete ^ but that a large bulk of the hydro- 
gen sulphide may be so removed. Economy of operation sug- 
gests, therefore, a dual system in which the main bulk of the im- 

* See, for example, Meade, “Modern Gasworks Practice, “ pp. 384-414. I>. Van 
Nostrand Co., 1916. 

^ Evans, Oas Record, 1919, 15, 215; Age, 1919, J^S, 475. Ghem. A'bst 
1919, IS, 1,380. 



y is cliniiniitcd by the licniid scrubber, the final traces being 
ced by the usual box troatniont. In this way a longer 
without discdiargc can be obtained from the boxes. Ex- 
lental work has recwitly established that the power cost 
ic liquid scrubber is but a fraction of that involved in labor 
e renewal of oxide boxes. 

or rigorous eliminal.ion of traces of suliihur compounds, 
hing with iodine " and with copper sulphate solution ® have 
proposed. With ('fliciently oiicrated iron oxide systems these 
id not be necessary, ('specially if tlu; gases are subscciucntly 
freed from carbon dioxide by scrubbing with alkalis, 
he removal of carbon disulphide from hydrogen is most con- 
ntly attained 1 ('clinically by interaction with steam in pres- 
of a catalyst, Ihc hydrogen sulphide formed by the reaction, 

CS, + 21T.,() = CO,, + 2H,S, 

; then removed in one or other of the ways already out- 
. As catalytic agent, iron oxide or iron oxide-containing 
ysts such as arc detailed in the chapter on the water-gas 
ytic process, are suitable. The patent of Guillcf calls for 
oxide as catalyst and a working temperature of 80"-200° C. 
eh case, however, the hydrogen sulphide is retained and, in 
c of use, the catalyst loses its activity owing to the for- 
on of iron sulphide. Hideal and 'Taylor" showed that, 
perating at temperatures above 300" C., the hydrogen sul- 
i was not absorbed liy the catalyst whiidi could therefore be 
continuously, the sulphuretted hydrogen formed being elimi- 
l in a 8ubse(iuent operation. The temperature at which hy- 
m sulphide is no longer retained is conditioned in part by 
oncentration of steam in the reaction mixture. The same 
)rs showed that this reaction could be conducted preferen- 
■, the reaction of steam with carbon disulphide occurring 
readily than that with carbon monoxide. Apparatus of the 
described for the water-gas catalytic, process is suitable also 
lis interaction of steam and carbon disulphide, 
he Badischc Co. (B. P. 14,509/1913), showed that carbon 
phido could be eliminated from hydrogen by passage of the 

J. 8. P. 1,084,640/1012. 

). a P. 286,874/1014. 
i. P. 18,007/1912. 

P. -180,664Aei9. 


gas, at pressures above 5 atmospheres, through hot solutions of 
sodium hydroxide. As example, a 10-25 per cent solution at a 
temperature of 150°-225° C. under a pressure of 50 atmospheres 
was cited. • The technical operation of this process is needlessly 
complex unless other objects are simultaneously to be achieved. 
The Badische Co. used this treatment originally for the removal 
of carbon monoxide and it was found that carbon disulphide was 
removed at the same time. 

Carbon disulphide may be removed by processes of catalytic 
decomposition in presence of hydrogen 

CS, + 211^ = C + 2RS’ 

As catalytic agents platinum, nickel, bauxite, fireclay, pumice 
and iron oxide are suitable,^ nickel having been used for the re- 
moval of carbon disulphide from coal gas on a large scale. Com- 
plete removal of the impurity is only attainable, however, at 
very elevated temperatures, so that the process would be less ap- 
plicable to the case of hydrogen than the treatment with steam 
already discussed. In the case of coal gas, where the presence 
of carbon monoxide may, without special and careful control, 
give rise, with steam, to carbon dioxide production, the utility of 
this reaction with hydrogen is more apparent. The gradual de- 
terioration of the catalyst by deposition of the resulting carbon in 
the contact mass constitutes an additional disadvantage of the 
process. In practice this must be burnt off at intervals and the 
contact mass freshly reduced. It is not surprising therefore that, 
as yet, this method of removal of carbon disulphide has not (*omc 
into use in hydrogen purification. 

The removal of carbon disulphide by cooling the gases to 
— 190^^ C. has been previously mentioned, the patent claims of 
Bedford and Williams specially referring to this process. This 
method of removal also eliminates thiophene, a compound which 
is not removable, or only with diflSiculty, by the other methods 
outlined. 


Purification from Carbon Dioxide 

The method of removal of carbon dioxide from hydrogen 
varies with the quantity of the impurity present in the gas. For 

•Carpenter, J. Oas Lighting, 1914, 1186, 928. Evans, /. Boo. Chem. Ind., 
1915, SJf, 9. Berk & Co., and Hood B. P. 148,641/1919. 

K»B. P. 3,762/1910. 


fuse's with a |)or(‘cntagc of carbon dioxide lower than 3 per cent, 
tlie most convenic^nt, and probably the most economical, methods 
of nanoval xit/ilise (*aiistic alkali solutions or moist lime as 
al)Sorption a^ent. With hip;her cou(‘.cntrations of carbon dioxide 
prescTit, the expcinse of alkali absorption agents becomes ex- 
(*cssi\’e and us(^ is made of water, alcohol or alkali carbonate 
solut.ions as solvent for tlu^ gas, compression of gas and solvent 
laving used as an auxiliary in the process. Aqueous ammonia 
solutions have also bc'en suggested as al)sorptioti a, golds, the am- 
monium (‘.arI)onat(‘ solutions formed in the process being subsc- 
({uently lu^at^ed to 90*' Ch, at which temperature the carbon di- 
()xid(‘ may Ix^ (‘xpc'lled without marked loss of ammonia. Rc- 
(‘cnt d(^v(d(>pmentB ])oiut to the combination of the water-gas 
catalytic*, jirocc'ss with the ammonia-soda pro(*,css, in which case 
the cairbon dioxide would l)e rennoved from the liydrogcn by the 
ammonia entcTing the ammonia-soda cycle. 

A purihc'r systc*m, <*omposed of rc'ctangular boxt'.s partially 
filled wit h hydrut(‘d lime arrnngc'd on shelvc's, is the usual appara- 
tus in English pracd/ic'c for cairbon dioxide removal from steam- 
iron pro(‘eHH hydrogen containing 0-3 per cent of the impurity. 
The procxMlure was st.andard pracdacc in the (‘oul-gas industry in 
formc'r times and specifications of plant reciuired are to be found 
in manuals of gas works pracdico. Thus, Mcuulc^^ suggests that 
the lime uschI should cont.ain about 30 jier cent of water in ex- 
(iosH of that reciuircHl to form the hydroxide. The depth of layer 
should be about 8 incdies, to prevent the formation of channels 
in the material, thus avoiding the CBc.apo of untreated gas. With 
this depth of material and a set of four purifier boxes, an allow- 
ance* of 0.7 square foot of urea per box per 1,000 cubic feet of 
gas to be purified per day is sufliciemt in coal-gas technology. 
In vic‘w of the more* rigorous rcciuircments in the case of hydrogen, 
incr(*asc of this figure to 1.0 sejuare foot would not be excessive. 
In this type of purifier, as in the case of iron oxide box purifiers, 
the labor and renewal cliarges are high. Amc^xican practice has 
therefore rcvplaced moist lime absorption systems with a scrubber 
system using sodium hydroxide solutions. 

Scrubbexs suitable for this purpose consist of cylindrical 
towers down which flows the caustic alkali solutions over coke 
or other filling material, the gas passing upwards and counter- 


current to the liquid flow. The rates of gas and liquid flow will 
obviously be governed by the carbon dioxide concentration. Ordi- 
nary water scrubber practice suggests the approximate capacity 
of tower space required. 

Specifications for the removal of large concentrations of car- 
bon dioxide by processes of pressure water washing have already 
been given (Chapter III). The use of alcohol in place of water, 
suggested by Bedford, would seem to be excluded technically on 
the score of cost. By either process, there appears to be residual 
amounts of carbon dioxide (0.1 — 1%) remaining in the gas, 
which are subsequently removed by scrubbing with aqueous al- 
kalis. Claude proposed to substitute lime water for water in 
the counter-current pressure washing system thus ensuring com- 
plete removal of the impurity. The complications thereby in- 
troduced owing to separation of calcium carbonate would seem to 
offset the advantages thus obtained. 

The employment of solutions of alkali carbonates (of which 
potassium carbonate would be preferable owing to its greater 
solubility) is not a practicable proposal for purification of hy- 
drogen from carbon dioxide if increased pressures are not em- 
ployed. This is due to the slow rate of absorption of the gas at 
ordinary gas pressure when the concentration is decreased and 
also to the incompleteness of the removal. In the manufacture 
of carbon dioxide from exhaust and flue gases by absorption in 
alkali carbonate solutions and subsequent decomposition of the 
bicarbonate liquor, only about one-half of the carbon dioxide 
present in the original gas mixture is recovered, the rest passing 
to waste. The inapplicability of the process to hydrogen puri- 
fication in such a form is therefore manifest. When pressure is 
employed the use of alkali carbonates instead of water seems 
less preferable owing to the cost involved in regeneration of the 
liquor. 

Purification from Carbon Monoxide 

The various types of industrial hydrogen containing carbon 
monoxide are broadly divisible into two classes, those in which 
concentrations of the impurity range from 0 to 0.5 per cent, and 
those in which the carbon monoxide concentration reaches 2 to 4 
per cent. Steam-iron process hydrogen is typical of the former. 

«B. P. 16,058/1914. 



■ogcn by the Grioshcim-Elcktron Co.’s process would also 
in this category if tecshuically operated. The continuous 
•-Ras catalytic process, the “liqucftiction” process and proc- 
of thermal decoiuimsition of hydrocarbons yield hydrogen 
itiing the upper range of carbon monoxide concentrations, 
in i)urifi(aition proccssc's have particular application in re- 
to only one or otlier of the two types. Other processes are 
ly applicable to both. 

■mtHiraion to Mothmie . — The catalytic hydrogenation of car- 
nonoxidc to yit'ld methane is a itiethod of purification which 
1, in general, be (mnfincd to gases containing the lower range 
icentration. The reaction, 

CO + 311, = CH, + H,0, 

rise to methane which is itself difficult to remove. In the 
•i(y of uses to wliicli hydrogen is put, methane is an inert 
ituent, but, in circulatory processes, such inert constituents 
lulatc and necessitate loss of hydrogen by purging. Fur- 
lorc, since three volumes of hydrogen arc consumed in the 
ml of one volume of carbon monoxide a material hydrogen 
vould occur in the treatment of gases containing 2-4 per 
airbon monoxide. Use of the methanation process is therc- 
?enerully limited to the elimination of traces of the im- 

r, 

this application the methanation process is extremely valu- 
Tluf reaction proceeds rapidly and quantitatively at 
C., in presence of a nickel catalyst. The contact mass is 
, a suitable, material being readily prepared by soaking 
!a brick material, such as Nonpareil brick, broken to suit- 
lize, in a solution of nickel nitrate of such a strength that 
thdrawing from the liciuor and drying off, the content of 
'suiting material is 10 per cent with respect to metallic 
. The nickelised brick so obtained is placed in position 
catalyst (‘liamber and heated to 300° C. in an atmosphere 
Irogcn. After the evolution of nitrogen oxides and ammonia 
iased, the material is in an active form for the methanation 
IS. An active material will eliminate, quantitatively, car- 
lonoxide from 1,000 times its own apparent volume of hy- 
i per hour at 300° C., if the carbon monoxide concentration 
ot exceed 0.5 ner cent. 


The gas to be treated by such a purification process must be 
rigorously freed from sulphur compounds in a prior operation. 
Otherwise, the activity of the catalytic agent shows a steady de- 
terioration with use. Steam-iron process hydrogen which has re- 
ceived iron oxide box treatment and then treatment for removal 
of carbon dioxide is sufiiciently pure for purification from carbon 
monoxide according to this process. The hydrogenation process 
may also be used at the same temperature for the removal of 
carbon dioxide, the reaction being 

CO, + 4Ho = CH, + 2HA 

It is obvious, however, that this would be expensive as 4 volumes 
of hydrogen are consumed per volume of carbon dioxide. Since 
the latter is also present in steam-iron process hydrogen to the 
extent of 1 per cent or more, there would be a correspondingly 
large percentage of methane in the product. For tliis reason the 
^ carbon dioxide will normally be removed from the gas prior to 
the hydrogenation or methanation process. 

The Harger-Terry Process of Preferential Combustion , — This 
recent process for purifying hydrogen from carbon monoxide 
makes use of the discovery that, in presence of suitable contact 
agents, carbon monoxide is more readily oxidised than hydrogen.* 
The process is peculiarly suited to hydrogen containing 0-0.5 per 
cent of the impurity. It has advantages over the preceding 
process in that the preferential combustion process may readily 
be conducted in presence of carbon dioxide, the product of re- 
action, moreover, being carbon dioxide, the whole of which may 
then be removed by the usual absorption processes. No accumu- 
lation of inert gas need, therefore, arise. 

Metallic oxides and mixtures of the same form the most suit- 
able catalysts for the preferential combustion process. With a 
definite catalyst there is a definite interval of temperature within 
which the oxygen present in a hydrogen-carbon monoxide-oxygen 
mixture is consumed mainly by the carbon monoxide. This in- 
terval is about 50® C. Thus, by taking hydrogen with a carbon 
monoxide content of 0.5 per cent, and adding 0.5 per cent oxygen 
(equal to twice the theoretical quantity required by carbon mon- 
oxide) the gas mixture may be freed from carbon monoxide by 
passage of the gas over a suitable preferential combustion cat- 

«B. P. 127,609/1917. 



it, maintained within the right interval of temperature. The 
JBS oxygen not utilised by the carbon monoxide will be used 
;he hydrogen or may, in part, pass on unchanged, 
riio principal catalysts from the point of view of technical 
ration are coi.)per oxide and iron oxide, alone or admixed with 
jr oxides. Copper oxide and mixtures with other oxides, for 
nplc, manganese dioxide, are active in the neighbourhood of 
“ C. Iron oxide or mixtures of iron, and chromium oxides 
nixtures of iron, chromium and cerium oxides are active in 
temperature interval of 200° -300“ C. With such catalysts, 
ably prepared, hydrogen may be freed from concentrations of 
)on monoxide up to 0.5 per cent with the consumption of 
gen equal to a 100 per cent excess over that required by the 
)on monoxide alone. The oxygen needed for the preferential 
ibustion process is best supplied by means of electrolysis of 
eous alkalis, the hydrogen simultaneously produced being 
1 to supplement the main supply of the gas after purification.^' 
rhis process of preferential combustion has proved specially 
ptablo to the purification of steam-iron process hydrogen 
a carbon monoxide; trials on a large experimental scale have 
ved very successful and adaptation to technical operation is 
^ being undertaken. The gas to bo purified is first freed 
Q hydrogen 8ul])hido by iron-oxide box purification. It is then 
ed with about 20 per cent by volume of steam and with 
gen in quantity calculated as sufficient for oxidation of twice 
amount of carbon monoxide present. The steam acts protec- 
ly in restricting hydrogen combustion and also prohibits re- 
bion of iron oxide catalysts. The mixed gases are passed 
)Ugh a catalyst chamber containing the oxides on trays, thq 
peraturo being carefully regulated to attain the maximum 
■erential effec.t.^* The exit gases are next freed from steam 
, scrubber and then passed to the carbon dioxide purification 
rcm. By this process it has been shown possible on the tech- 
il scale to remove more than 96 per cent of the carbon mon- 
le from steam-iron process hydrogen averaging 0.4 to 0.6 per 
i carbon monoxide with a maximum hydrogen loss of 0.6 per 

IVithout modification, the preferential combustion process is 
readily applicable to hydrogen gas containing the higher con- 
i' S«* Rldeal, ahem. Boo., 1819, iiS, 90S. 


centrations of carbon monoxide, 2 to 4 per cent. Several reasons 
are involved. The most important reason relates to the thermal 
problem in question. The preferential nature of the oxide cat- 
alysts is generally restricted to a temperature interval of about 
50° C. Copper oxide which will act as catalyst to oxidise carbon 
monoxide on hydrogen at 120° C., will normally act as c.atalyst 
for the combustion of hydrogen and oxygen at 170° C. Now the 
heats of oxidation of carbon monoxide and hydrogen 

CO -f- V 2 O 2 = CO 2 -h 68,000 calories, 

Hj -1- V 2 O 2 = HjO -j- 58,000 calories, 

are sufficiently great to raise the temperature of a reaction mix- 
ture in which one per cent of either gas is oxidised by about 
100° C. The preferential nature of the combustion is destroyed 
and hydrogen, by reason of its concentration alone, combines 
with the bulk of the oxygen. This difficulty could be overcome 
by arranging a cyclic operation in which the incoming gas of high 
carbon monoxide content could be diluted with the requisite 
amount of already purified gas to make an entering gas with a 
carbon monoxide concentration not exceeding 0.5 per cent. With 
such a procedure, however, it is apparent that by allowing an ex- 
cess of oxygen equivalent to that required by the carbon mon- 
oxide, the loss of hydrogen, in a gas containing 3 per cent of the 
impurity, will also be 3 per cent. The expense of the process 
in hydrogen alone would become marked. 

Rideal and Taylor proposed to obviate these difficulties by 
operating a combined process of interaction with steam and 
preferential combustion on gases containing 2-4 per cent of car- 
.bon monoxide. The procedure recommended is to mix the gas, 
from which sulphur compounds have been removed, with one half 
its volume of steam and to pass the gas over a water-gas (aitalyst 
(see page 68) at a temperature of 400°-450° C. In this way 
by means of the reaction 

CO + H 2 O = CO 2 4- 

the concentration of carbon monoxide is reduced at the expense 
of the steam, approximately to the equilibrium concentration 
at the temperature stated. In this way, the carbon monoxide con- 
centration in the issuing gas is diminished to less than 0.5 per 

»'B. P. 129,743/1918. 



Oil lowering the temperature, adding oxygen and passing 
) more over a catalyst containing iron oxide at 250° C. this 
Juul impurity can be converted to carbon dioxide practically 
ntitativcly. Experiments on a technical hydrogen made by 
liquefaction process and on the product of the water-gas 
, lytic process after carbon dioxide removal, established the 
itioubility of this proc.cdure. The necessity for a two-stage 
•ation which this involves naturally makes the process more 
msive than the simple procedure applicable to steam-iron 
:css hydrogen. 

[nvestigations on the oxidation of carbon monoxide in air for 
mask purposes conducted by the Chemical Warfare Service 
ved the possibility of obtaining catalysts for carbon monoxide 
lation opi'rativc at ordinary temperatures. In hydrogen, these 
ilysts also function preferentially, but, owing to the poisoning 
it of water-vapor on the low temperature catalysts, it is found 
i operation at ordinary temperatures is not readily possible, 
iperaturos in the neighbourhood of 100° C. are adequate to 
'como this adverse effect of water vapor. Thus far, the proc- 
has not been operated successfully on any large scale with 
rogen containing, in addition to carbon monoxide, a large pro- 
.ion of carbon dioxide, for example 30 per cent (sec Chapter 
p. 74). d'he elimination of carbon monoxide, in presence of 
1 large quantities of carbon dioxide would represent a con- 
rablo step forward. 

Purification by Reaction with Soda-Lime or Lime . — Carbon 
loxkle reacts with soda-lime at temperatures of 180° C. and 
'ards. The reaiition proceeds in presence of hydrogen, so that 
lay be used for purposes of purification. At the lower tem- 
itures in question, sodium formate is produced, but reaction 
)city is slow. Consequently, pressure may be employed to 
litutr! riiuction. At higher tianiieratures reaction also occurs, 
, owing to decomposition of the formate, hydrogen and carbon 
tide arc formed. Consccpiontly, the soda is gradually con- 
ed to carbonate. 

[arne, employed at 500" C., gives hydrogen and carbon dioxide 
Q moist hydrogen containing traces of carbon monoxide. 
\m favors the reaction and the efficiency of carbon monoxide 

Braj aM BYasser, Xn4, Em, UMm,, 1920, 12. 218. 


removal is determined by the water-gas reaction. Iron o.xid 
catalysts assist the process. The data already given in refcrenc 
to the Griesheim Elektron process are applicable also to th 
case of purification with lime. Experiment shows that, at 500° C 
in presence of lime and an iron activator, hydrogen containing 
per cent carbon monoxide will be converted to a hydrogen carbon 
dioxide mixture containing less than 0.1 per cent carbon monoxid 
in a single passage. The process suffers from the same disad 
vantages as the Greisheim Elektron process (q.v.) and require 
a high temperature of operation. 

Purification by Aqueous Alkalis Under Pressure . — ^The re 
moval of carbon monoxide from hydrogen by interaction of th 
impurity with alkalis to form formates can be very effective! 
carried out by the use of solutions of the alkali at high tem 
peratures, the prevailing pressure being sufficiently great to per 
mit the necessary superheating of the solution. Thus, carbo 
monoxide in an original concentration of 2-4 per cent, such as oc 
curs in the continuous water-gas catalytic process and in th 
liquefaction process, can be reduced to a concentration of Ics 
than 0.1 per cent by passage through a solution of sodium hy 
droxide at a temperature of 250° C., the gas pressure employe 
exceeding 50 atmospheres. The reaction oc-curring is expressibl 
by means of the equation: 

NaOH -1- CO = HCOONa. 

This process was originally employed by the Badische Co. fo 
the purification of the hydrogen used for ammonia synthesis 
The patents relating to the same call for the use of 80 per cen 
sodium hydroxide solutions at 50 atmospheres pressure an( 
260° C., as well as the use of 25 per cent solutions at 200 atmos 
pheres pressure and 240° C. The higher concentration is teclmi 
cally unsuitable owing to separation of the solid product of re 
action.^® 

It is obvious that the technical difficulties associated witl 
the conduct of such a purification process are very great. Experi 
ments on a small scale show that the reaction is not rapid and i 
determined by the rate of solution of the carbon monoxide in tlv 

”B. P. 1,769/1912; Pr. P. 489,202/1912; tT. S. P. 1,120,871/1916 an. 
1,338,087/1916. 

«See also, Weber, Dissertation, ICarlsriilie, 1900; Fonda, Dissertatiofi 
Karlsrulie, 1908, for further data on the action of carbon monoxide on alkalli 
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or. Consequently, accclcrution of the reaction is brought 
Ut if the gas can be introduced into the absorbing liquor in 
linely divided state as possible and at as high a pressure as 
aiblc. Alternatively, introduction of liquor in the “atomised” 
tlition into the eomiiressed gas space also makes for accelcra- 
I of reaction. The temperatures and pressures requisite, how- 
r, render such devices dillieult of achievement. Indeed, the 
ration of lifting the licpior to the top of an absorption tower 
,hut it may flow couutcr-cairrent to a gas stream is attended 
!i didiculties of an engineering nature whicli arc by no means 
ht. 

It is, therefore, not surprising that this method of purifica- 
i has IxKUi displaced by others in whicli the tec.hnical difli- 
■ies are less pronounced. The sodium formate which results 
n the process is a valuable product up to the prevailing ca- 
ity of the market. The early operations of the Badische Co., 
/■over, created such a surplus of the formate that a market for 
whole of it was found with dihiculty. 

Assuming no market for the formate, the process becomes 
('iisivt* iKH'.ausc caustic soda is consumed, and, since sodium 
natc on decomposition yields carbonate, causticisation is ncc- 
iry licforc the salt can be turned back into tlic purification 
Lem. The high pressures necessary for the conduct of the 
cess eliminate it from consideration in all cases except those 
which hydrogen at high pressures is consumed. For high 
ssun> hydrogen, the techniciue of the cuprous ammonium salt 
it, ion process next to he described is, relatively, so much sim- 
r that it has superseded the process of absorption by aqueous 
alls. 

Purification by Absorption in Ammoniacal Cuprous Salt Solu- 
w.—l'lns [iroccss, which was the method finally adopted by 
Badische do., for the purification of hydrogen from carbon 
noxide for use in the synthetic ammonia process, is based on 
well known reaction between carbon monoxide and am- 
niacal cuprous salts solutions which forms the basis of carbon 
noxide estimation in ordinary gas analysis. Carbon monoxide 
(lowly absorbed by such solutions with the formation of cop- 
ion complexes containing carbon monoxide as illustrated by 
eauations: 


CuCl + NH3 = (Cu.NH 3)C1 
(Cu.NH 3)C1 + CO = (Cu.NH3.CO) Cl. 

The proposal to remove carbon monoxide from technical gases 
by this method was first made by Huntingdon (B. P. 15,310/ 
1884) , the gas specified being producer gas and the action being 
intensified by the use of pressure both on gas and liquid. The 
copper solution after use was to be regenerated by subjecting it 
to a vacuum, whereby the carbon monoxide was evolved. Similar 
claims are embodied in Williams^ patent and in the patent to 
Linde.^^^ On trial, the Badische Co. found that the utility of the 
process was marred by the solutions employed attacking the 
iron. Special patent claims were therefore made for particular 
solutions in which this adverse feature is eliminated. Thus, one 
patent provides for the presence in the copper solution of at 
least 6 per cent of free ammonia or ammonium carbonate, for 
use in steel vessels under pressure. Later patents call for the 
elimination of halogens entirely the halogen being replaced by 
weak acids such as formic and acetic acid. It is probably that 
ammoniacal cuprous formate was used as the absorption liquor on 
the technical scale in Germany in recent years. In the patent to 
the General Chemical Co. and De Jahn^^ the salt employed is 
the carbonate and is prepared by circulating a mixture of air and 
ammonium carbonate over pure copper until the requisite cupric 
ion concentration is attained, after which, the solution is circu- 
lated in absence of oxygen until the cupric ion is reduced to the 
cuprous condition.* 

Employed at 200 atmospheres pressure, an ammoniacal cu- 
prous salt solution will absorb from hydrogen any oxygen that 
may be present, any residual carbon dioxide, by combination with 
the ammonia present, and finally, practically all of the carbon 
monoxide present in a gas containing 2-6 per cent of this impur- 
ity. The residual carbon monoxide concentration with efficient 
working of the process is less than 0.1 per cent. It is seldom 
below 0.01 per cent. 

The quantity of solution required varies with the average con- 
centration of the impurity, with the strength of copper solution 

’“B. P. 19,000/1880. 

R. P. 289,106/1914. 

21 B. P. 8,030/1914. 
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ciiii)k)ycd uiid with the prevuiling gas? pressure. Thus, a solution, 
one volume of which at 200 atmospheres pressure will absorb 20- 
30 volumes of carbon monoxide will absorb 4-5 volumes of the 
gas at a gas pre^ssure of 10 atmospheres. It is thus apparent that 
the absorption is not a simple ease of Henry’s Law, but, on the 
contrary, a (lucstion of a decomposition equilibrium in the case 
of a carbonyl ion complex. Satisfactory removal of the carbon 
monoxide is obtained in technical practice if provision is made for 
a 15 minute period of contact between gas and absorbing liquid. 
This is generally attained in steel towers packed with a suitable 
pa(!king material, the absorbing liquor being delivered at the pre- 
vailing pressure to the top of the towers and flowing downwards 
counter-current to tljc gas passing upwards. For the German 
plants, steel towers, 10 metres high, similar to those used for re- 
moval of carbon dioxide, were in use, at a working pressure of 200 
atmospheres. 

In a recent study, by Hainsworth and Titus,®* of the problem 
of carbon monoxide absorption using cuprous ammonium carbon- 
ate solutions, it was shown that the absorption capacity of a 
solution having a given cuprous copper content was a function of 
several variables. It is dependent on the free ammonia content 
of the solution and on the partial pressure of carbon monoxide 
above it as well as on the concentration of cuprous copper. The 
absorption takes place due to the formation of an unstable com- 
pound in solution, probably containing one mole of carbon mon- 
oxi<lc per gram atom of cuprous copper. This corresponds ap- 
proximately to 0.2 pounds of copper per cubic foot of carbon mon- 
oxide. Cupric copi)cr is reduced to cuprous copper fairly rapidly 
by carbon monoxide but the reduction of cuprous ion to copper 
is comparatively much slower. Oxygen present in small amounts, 
in gaseous mixtures from which carbon monoxide is to be re- 
moved by absorption will prevent the precipitation of copper 
and increase the capacity of the solution. 

The spent ammoniacal cuprous liquor after leaving the absorp- 
tion system is regenerated by release of the pressure on passage 
through a small receiving vessel and by raising the temperature 
of the liciuor. The vessel may be worked at atmospheric pressure 
or with a partial vacuum. The latter is preferable from the point 
of view of carbon monoxide removal, but the ammonia losses 


are thereby also increased. The evolved gas, consisting mainly of 
carbon monoxide, is freed from ammonia in a water scrubber and 
may be returned to the water-gas holder for conversion with 
steam to hydrogen and carbon dioxide in the water-gas catalytic 
process. In general, for removal of carbon monoxide from the 
ammonia liquor, temperatures as high as possible without decom- 
position of the solution are employed, presumably between 70° 
and 80° C. 

For hydrogen, in the utilisation of which high pressures are 
necessary, this method of removing carbon monoxide is probably 
the most economical and practical yet introduced. On the other 
hand, for hydrogen required for use at normal pressure it is un- 
doubtedly an expensive method, since, in such case, in addition to 
the actual operational expense, the cost of compression must be 
debited to the process. 

Purification by Interaction fwith) Calcium Carbide , — This 
process is widely quoted in hydrogen literature but is not prac- 
tised. The process is recorded as a result of the Frank patents.^® 
In these patents it is claimed that, at temperatures above 300° C., 
passage over the carbide, of hydrogen, containing carbon mon- 
oxide, carbon dioxide, nitrogen and hydrocarbons, results in the 
elimination of all these impurities. Experiment shows that, for 
practicable speed, the temperature of the carbide must be con- 
siderably higher than 300° C. Indeed, analysis of the claim in re- 
spect to only one of the impurities named will be sufficiently 
illuminating. It is common knowledge that, in the cyanamide 
industry, nitrogen is only absorbed readily by calcium carbide 
at temperatures in the neighbourhood of 800° -1,000° C. the ni- 
trogen being present at atmospheric pressure. At such tempera- 
tures hydrogen purification is impracticable owing to expense of 
heating alone, even if the reactions quoted proceeded rapidly 
with gaseous impurities present in small concentrations. The 
possibility of contaminating the hydrogen with acetylene from 
the carbide is an additional argument against the use of this 
process. 

Purification from Methane, 

The elimination of methane impurities from hydrogen is not 
easily accomplished. The stability of methane and its dilution 
in a fairly pure hydrogen both render its removal from technical 

«B. P. 26,806/1900; U. S. P. 964,415/1910. 
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3S (liirK‘uIt/. Fortuiuitely, in the majority of uses to which 
rogc'n is put, nicthnnc merely nets us u diluent. This diluent, 
'ever, increase's steadily in concentration in a circulatory pro- 
, thc^ incre^ase finally necessitating; a constant loss of liyclro- 
as a ^Tlow-off,” in order that the (‘.oncentration of methane 
other inert coTistitucnts may be kept within limits. 

Phe rcanoval of methane when present in concentrations of 
‘r cent or less is attended with such expense that it is gcncr- 
not att-empted. The methods whi(‘.h might be employed, 
^ever, are ecumomicailly more feasible with the ^'blow-off^ 
38, in whi(*li, owing to (‘.onsumption of hydrogen, the methane 
[‘.ent.ration may have risen to 10-15 per cent. 

For HU(‘h gases there arc two main possibilities in regard to 
ificaiion, the one chemical, the other physical. The chemical 
liod consists in bringing the methane-containing hydrogen 
1 Btcam into contact with suitable catalysts, such as reduced 
:el, at elevated temperatures (800® C.). Interaction occurs as 
/ioiisly outlined (Chapter VIII) 

CII, + H,0 = CO + 3H,. 

! issuing gas, if led over an iron oxide catalyst at a lower 
pc'rature (500® C.), gives, by interaction with excess of steam 

CO + 11,0 = CO, + n,. 

lu‘ hydrogen is being produced by the water-gas catalytic 
:‘('SH the latter reaction can be effected in the catalyst cham- 
normally operating on a water-gas steam mixture. In such 
3 the subscciuent purification would bo as described in that 
‘CBS (Chapter III and earlier sections of this chapter). For 
‘r types of liydrogen production a special catalyst unit would 
reciuircd for the carbon monoxide conversion as well as for 
intc‘ra(5tion of the methane and steam. The economics of the 
ification process would then require careful consideration. 
For gases under pressure and containing a relatively high 
[3cntration of methane (c. g., 10 per cent) the physical method 
fietliane removal is worthy of note. By cooling hydrogen con- 
ling methane in a liciuid air cooling mixture to — 184® C., the 
tial pressure of the methane in the gas mixture may be re- 
ed to 0.1 atm., the partial pressure of liquid methane at this 
perature.^® It would not be advisable to catry the cooling 


below — 184° C. since at this temperature methane freezes. Its re- 
moval from the cooling coils would then be a matter of difficulty. 

The degree of purification which could thereby be attained 
would depend on the pressure of the original gas mixture. The 
economics of the purification process would be similar to that of 
the “liquefaction’’ process of hydrogen production (Chapter IV). 
It would therefore only be applicable when large quantities of 
hydrogen containing marked concentrations of methane accumu- 
lated hourly or when provision for the cooling process was at 
hand for other purposes. With an efficient heat-exchange sys- 
tem, it should be observed, 80-90 per cent of the necessary cooling 
could be provided by the returning gases and by evaporation of 
the condensed methane. 

Removal of Phosphine and Arsine. 

These gases may be present in silicol process hydrogen and 
are detrimental to balloon fabric, in which such hydrogen is 
normally used, and to iron, copper and brass. They may be most 
readily removed by passing the hydrogen through a heated tube 
containing copper turnings. The two hydrides are decomposed, 
the phosphorus and arsenic combining with the copper. The 
quantities of impurity present are generally minute so that the 
copper can normally be replaced, when rendered inactive by inter- 
action with the gases. Acid salts of copper, such as a hydro- 
chloric acid solution of cuprous chloride will also decompose ar- 
sine and phosphine with the formation of copper arsenide and 
phosphide. It would be necessary to conduct this reaction in 
acid-proof vessels and the issuing gas would require scrubbing 
with water to remove acid vapors. Chromic acid could be sub- 
stituted for the acid copper salt. The impurities present would 
be oxidised in this case to arsenic and phosphoric acids. 

Bleaching powder in lump form has been suggested as an oxi- 
dising agent for the two gases.^’' The introduction of chlorine 
compounds into the gas by such treatment would be possible 
and special precautions to obviate this would be necessary. 

The suggestion by Renard that the gases might be removed 
by solution in petroleum cooled to — 110^ C., while practicable 

S’- Wentzki, Chem. Xnd., 190C, 20, 405. 

Compt. rend., 1903, X36, 1,317. 



3 liiboriitory, does not sccin to offer the possibility of tech- 
upplicjition. 

Removal of Oxygon, 

may l)c most readily removed from hydroj]?en by com- 
)n of tins latter with any traces of oxy^>;en present, 
Ix'ing formed. A mimbcir ot patents with reference to this 
been filed, llui combustion aim be effeeded at low tempera- 
in presence of catalyti(‘. agtad.s. Knowles"^’ (daims ihe use 
ithiised asliestos at 1(W 0. Ihulma'd nicked is opia’ativc in 
egion 25^-300'^ 0., the temi)eraiurc varying with ilie ac- 
of the ni(*-kcl It is th(‘refore apparent that in the methan- 
process for the elimination of carbon monoxide, traces of 
n will also be removed. Hot copper and glowing platinum 
lave also been usecl for a similar purpose, 
le operation is quantitative and so simple in any case that 
TKadties in the use of hydrogen due to the presemic of oxy- 
;or find record. It should be observed, however, that oxygen 
powerful a catalyst poison as carbon monoxide in many 
rtii) proceBses. Provision should therefore always be made 
Hire its abseruHi from gases reepured for such purposes. 

Removal of Water Vapor, 

IS conqireBsion always rediujcs tlic percentage concentration 
iter vapor present in a gas. An installation of a drying 
n is therc'forc preferably inserted on the high pressure side 
system if economy of drying agent is to bo sought. As 
aiting agents, granular Cidiuum chloride and soda-lime are 
H‘hni(‘nl [lossibilitieH, though (‘ooling may occasionally bo 
cd (Chapter IV). Physical adsorbents such as silica gel 
nding application. With solid absorbents, a multiple unit 
n is generally adopted, one tmit being continuously out of 
Ties for revivification while the others are in use. In such 
mer continuous de^^iccation may bo achieved. 

The Testing of Hydrogen, 

) Physiml Methods,— Ilydrog^cn with a single impurity in 
jIq concentration may readily be tested by means of an 

I, IK 27,2a4/iai0; B. P, 21,600/1911. 


^'effusion” meter. This instrument measures the rate at which a 
definite volume of gas flows through an orifice of standard size. 
Since the velocity of effusion is inversely proportional to the 
square root of the density of a gas or gas mixture, hydrogen dif- 
fuses the most rapidly of all gases and an impure hydrogen less 
rapidly. Many types of apparatus based on this principle have 
been constructed. In the Schilling meter, of German origin, a 
fixed volume of gas is delivered from an inner glass cylinder 
standing in a solution of glycerine-water contained in an outer 
glass vessel. The delivery of the gas occurs through a standard- 
ised jet which is one of four exits in a four way tap fastened into 
the top of the inner cylinder. The other exits from the tap are 
utilised for filling the cylinder with hydrogen or air as required. 
Two marks on the inner cylinder indicate the volume of gas, the 
time of effusion of which through the jet is measured by means 
of a stop-watch. Standardisation of the apparatus can be made 
on air, tables being supplied recording the air time for various 
temperatures. Such standardisation also serves as a check on 
the cleanliness of the jet, concerning which great care must be 
exercised. By calibration of the meter against samples of hy- 
drogen with known concentrations of the single impurity, tables 
or curves may be constructed from which, by a single set of 
measurements on the gas of unknown purity, the hydrogen con- 
centration may be deduced. Where two or more impurities of 
varying concentration are possible, the method is not generally 
applicable without determination of the impurities and their 
concentration. In such case an effusion-meter is practically use- 
less. In one special case, namely in ^^iquefaction^^ hydrogen, 
the use of an effusion-meter is possible. In this gas the impuri- 
ties are practically exclusively carbon monoxide and nitrogen. 
Since these gases have identical densities they may be treated for 
the purposes of this measurement as a single impurity, thus 
enabling the purity of such hydrogen to be determined by such 
methods. If air be the diluent impurity the effusion meter is 
also applicable. 

The Simmance Purity Meter constructed by Wright^s Gas 
Meter Co. of London is a more rugged apparatus in iron, work- 
ing on the effusion principle. 

Recording apparatus, for hydrogen with a single impurity of 
variable concentration, can be constructed by utilisation of the 



principle of biioyMncy. If hydr()j 2 ;en of variable purity be delivered 
at (‘onstant p:as prcRHuro to an ahuniniuni gas holder floating in a 
suitable licpiid the height of the (‘ontainer in the Ikpiid is deter- 
niinc'd by tlu' (kaisity of tlu' gas supplied. By tiUa(‘hiug the gas 
holder to one arm of a settsitive balance and providing tlic other 
with a pen opc'rating on a (diart fastened to a revolving drum the 
variations in buoyatuy and, thoredore, in gas purity can be re- 
corded. The us(‘ of su(‘h a.n instrument is lirnitcul to liydrogen ad- 
mixed with a single impurity or to a number of im|)urities which, 
owing to the (‘.onstancy of their relative (‘.onccnit-rations, are ecpiiv- 
alent to a single impurity in rc^spec^t to their influence on density. 
Air is an exam{)le of su(*h, as is also the nitrogen-carbon monoxide 
irtipurity of “licpiefactiotd’ hydrogen previously mentioned. 

A method of hydrogen testing of great a(‘cura(*y wlii(di (‘an 
be rapidly operated, and can also be used with re(‘ording appa- 
ratus, is l)a,sed on the principle of thermal eonduetivity. The 
thermal eondnetivity of hydrogen is very considerably greater 
than that of most gases, as the following table shows: 


Gas k, x 10^ 

Air 0.568 

Ammonia 0.458 

Carbon monoxide 0.499 

Carbon dioxide 0.307 

Ethylene 0.395 

M(‘thnne 0.647 

Nitrogc'n 0.524 

Nitrons oxide 0.350 

Oxygen 0.563 

Hydrogen 3.27 

Helium 3.39 


For an historical account of thermal conductivity methods of 
gas analysis, reference may be made to the article just cited. In 
reference to the question of hydrogen testing, Prof, Shakespear 
of Birmingham, England, developed a ^'katliarorneter’’ in 1915 
which is now sold in England by the Cambridge Scientific Instru- 
ment Co. and designed to sample and determine the amount of 

li th<* hf»«t In gram-c«lorlpH flowing In 1 hoc. through a dlitance of 
t cm. ptr cm. for V C. drop In temporatur©. Thlg tabic i« dted from tb« 
Smithionlan Physical Tabic® by Weaver, Palmer, I^rante, Ledig and Pickering, 
J. fnd, Eng* 1920, m, 350. 



air in hydrogen, which has been used as balloon gas, of hydrogen 
in air, for example, in the sheds used by airships, and for like 
purposes. 

Shakespear’s apparatus for the detection of hydrogen in air 
consists of similar electrically conducting wires arranged in cavi- 
ties in a metal block, one of the cavities being closed and the other 
communicating by small perforations with the atmosphere. Cur- 
rent from a battery is passed througli both wires, which are in- 
serted in different arms of a Wheatstone bridge, a balance being 
then secured by means of other resistances. Under these condi- 
tions the heated wires remain at similar temperatures by losing 
heat at the same rate. An alteration in the proportion of hydro- 
gen in the air will cause a variation in the heat loss from the 
exposed wire of which the change of resistance, as determined by 
readjustment of the bridge, is a measure.^^ For hydrogen con- 
taining air, provision may be made so that the gas mixture to 
be analysed flows over one wire, a comparison gas having a con- 
stant composition, such as pure hydrogen, and having a thermal 
conductivity of the same order as that of the gas mixture, pass- 
ing over the other coil, or surrounding it. 

The method has been extensively tested by Weaver and his 
collaborators and has been utilised by them for the determina- 
tion of nitrogen in nitrogen-hydrogen mixtures, and of carbon 
monoxide in a mixture of nitrogen, hydrogen and carbon 
monoxide? In the later paper, the limitations and advantages of 
the thermal conductivity method of gas analysis are discussed in 
detail. Reference may be made to these papers for detail of 
the procedure, which is likely to find extended application in 
hydrogen technology in the future. 

The gas interferometer worked out by Haber and Lowe is 
similarly applicable to variations of a single constituent or of a 
single constant mixture of constituents in hydrogen. The appa- 
ratus can be made very sensitive but it does not lend itself 
readily to technical usage owing to its cumbersomeness, nor can 
it readily be made an instrument of the recording type. Seibert 
and liarpster have indicated some of the technical possibilities 
in the use of such an instrument. 

B. P. 124, 453/1916. U. S. P. 1,304,208/1919. 
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Attempts have been made at the suggestion of officers of the 
Royal Air Force in England to determine the purity of hydrogen 
by acoustical methods.-''’' The velocity of sound in air is 1,100 
feet per second. In hydrogen it is as high as 4,100 feet per 
second. The variation in the t-wo gases is such as should lead 
to the design of a rapid gas tester. As yet such is not forth- 
coming. 

(b) Chemical Methods . — Absorption methods of hydrogen es- 
timation arc delicate and unsatisfacitory for technical work. Paal 
and Hartmann suggest the use of sodium picratc solution con- 
taining colloidal platinum as an absorbent for hydrogen. The 
process occurring is one of catalytk reduction of the picrate in 
presence of the colloidal metal. In principle it is identical with 
the proposal of Hofmann and Schneider who employ as absorp- 
tion agent, chlorate solutions containing colloicial osmium. For 
such absorption methods the hydrogen requires preliminap’ puri- 
fication from impurities such as carbon dioxide, hydrogen sul- 
phide, oxygen and carbon monoxide. Moreover, in technical hy- 
drogen these gases are generally present ip sinall amounts ap4 
it is the magnitude of these impurities that is generally more im- 
portant than the hydrogen content. 

Combustion methods with excess of oxygen or in presence 
of metals, such as palladium, or by rnetallic o?cidcs such as cop- 
per oxide arc applicable to hydrogen estimation. Tlic presence 
of carbon motioxidc must be determined by separate meth- 
ods and corrccU'd for, if high acepfacy is required. !|ty- 
drogen and methane can be cstimp^d in the i^aine mixture 
by preferential combustion of the former with oxygen in 
contact with palladium or with copper oxide alone. hJethanC) 
when present in hydrogen jn 8ma|l amopnt, js best estimated by 
complete combustion of a stream of the hydrogen with an excess 
of oxygen, the carbon dioxide fonned being then determined by 
weighing. Allowance for apy carhon njonoxide ptesept mpet |p 
this case be niade. 

For the estinaation of carhop moppiicide in hydrogen use may 
be made of a modified iodine pentoxifie method of detennina- 

w Compare :-—IIabw and Lalwr. Sog, OhGm. Jwd., 1014, II, 

w 1010, 49, MB. ... ... 

Bm>., 1010, f I, 1,080. 

«• Iftmpal ; ' **Cla.i Anajyila,'* Elcbardt, mGrg, Uhm*, 10O^» 81# 

60 ; /. 1808, J4t, T64. . ’ ' ■»' 



tion.^® At a temperature of 160° C. carbon monoxide is quanti- 
tatively converted to carbon dioxide according* to the equation: 

5CO + lA = 5CO2 + I2. 


In air, by means of this reaction, concentrations of carbon mon- 
oxide as low as 0.001% may be readily determined by absorption 
and titration of the iodine formed. With hydrogen containing 
carbon monoxide, some reduction of iodine pentoxide by hydro- 
gen results 

5H, + IA = 5H,0 + l2. 


Consequently, carbon monoxide in such mixtures cannot be de- 
termined by means of the iodine titration. Instead, the iodine 
must first be removed by cooling and passage through mercury, 
and the carbon dioxide estimated by absorption in, and titration 
of, standard barium hydroxide solution. A word of caution is 
necessary relative to the absorption of carbon dioxide 
present in small quantities in hydrogen. In minute con- 
centrations carbon dioxide will pass through a baryta so- 
lution unabsorbed unless extreme intimacy of contact is 
attained between gas and liquid. This can be obtained 
by the use of a centrifugal stirrer for the baryta solution 
through which the gas is bubbling. It is well, also, to employ an 
excess of alkali, estimating the excels by titration with acid. 
Methane is not attacked by iodine pentoxide but unsaturated 
hydrocarbons must be removed prior to the determination. This 
may be achieved by bubbling the gas through concentrated sul- 
phuric acid at a temperature of 165° The presence of gaso- 
line vapors in the gas has been shown by Teague to have a 
very deleterious, effect on carbon monoxide determinations by the 
iodine ^pentoxide method. A method of procedure devised by 
Teague for exhaust gases from automobiles, and applicable also 
with minor modifications to carbon monoxide in hydrogen, calls 
for the use of a liquid-air cooled purification tube, which will 
remove from the gas most of the hydrocarbon vapors, including 
the unsaturated hydrocarbons, water and carbon dioxide. With 
such a purification good results were obtained on a complex mix- 
ture. The iodine pentoxide method applied to hydrogen gases 


*®Levy, J. Boc. Chem, Ind., 1911, SO, 1,437. Graliiim, iMd., 1019 S8 10 T 
"Welskoff. J. Boc. Chem. Ind., 1909, !S8, 1,170. ’ 

Ind. Eng. Chem., 1920, 12, 964. 



itaining carbon monoxide can be made to yield an accuracy of 
1 per cent. 

An application of the iodine pentoxidc method to carbon mon- 
idc detection and approximate estimation was developed by the 
icinic.al Warfare Service based on the development of a green 
!oration in an SOj, — mixture. This apparatus is being 
iced on the market by the Mine Safety Appliances Company of- 
itsburgh, Pa. 

A method of analysis for small quantities of carbon monoxide 
hydrogen was worked out by Taylor on the basis of the Har- 
>Tcrry process of preferential eombustion of carbon monoxide. 

I a measured volume of hydrogen was added oxygen or air 
[ficient to oxidise from 2 to 3 times the amount of carbon 
)noxidc presumed to be present. The gas was tlicn passed, in 
insured amount, over an iron-chromium cerium catalyst at 230° 

, and the residual gas bubbled through standard barium hy- 
iixidc solution. The carbon dioxide formed by oxidation of 
carbon monoxide was then estimated by back titration of the 
ryta with standard acid. Operating on gas mixtures contain- 
; 0.1 to 2 per cent, an accuracy of the same order as that nt- 
nablc in the iodine pentoxidc method was possible. The pro- 
iure was simpler as the process was catalytic and no (iompli- 
tions, due to imperfect iodine absorption, were possible. Me- 
mo was not oxidised in the process even when present to the ex- 
it of 15 per cent. Precautions were necessary due to the absorp- 
n of carbon dioxide by the catalyst. To avoid such errors as this 
ght cause, at least one litre of the gas mixture was passed 
“ougli the catalyst chamber before tlic actual absorption in 
ryta was started. This method of carlion monoxide estimation 
,s afterwards applied to the automatic carbon monoxide re- 
ader devised by Ridcal and Taylor,*® in which the prcfercntitil 
Tibustion principle was combined with a method of carbon 
>xide cstimtition based on the conductivity of lime water used 
an absorption agent. This recorder, manufacture of which 
B been undcrttikcn by the Cambridge and Paul Scientific In- 
ument Co. of Cambridge, England, has given good service in 
5 estimation of carbon monoxide in steam-iron process 
drogen. 

Cf. U. 8. P. 1,821,061 and 1,821,062 to namb and Hoover. 

1919 , 44j> 89 . 
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Catalytic agents other than iron oxide catalysts may be used. 
Prepared copper oxide or mixtures of copper oxide and manganese 
dioxide are applicable at 100"^ C. or even lower. Hofmann 
showed that activated copper oxide moistened with alkali, or 
.activated copper in presence of oxygen and moistened with al- 
kali, also oxidise carbon monoxide, even at room temperatures. 

The estimation of oxygen in electrolytic hydrogen is a case 
which is peculiarly suitable to the thermal conductivity method 
of estimation previously detailed. Of other methods of oxygen 
estimation applicable to recording devices, mention may be made 
of an arrangement employed by Rideal and Taylor. Use was 
made of a carbon dioxide recorder of the Simmance-Abady 
type^44: although other forms of carbon dioxide recorders are 
equally useful. The charge of gas drawn into the apparatus in 
the usual way, was discharged, through a heated nickel catalyst, 
to the absorption system. This contained, instead of the usual 
potassium hydroxide solution, a quantity of water which served 
to condense any steam formed in the catalyst chamber by inter- 
action of hydrogen and oxygen and also to cool the gases to 
atmospheric temperature. The residual hydrogen then passed 
to the measuring system as in the usual manner when the ap- 
paratus was used for carbon dioxide estimation. Since the re- 
action occurring in the catalyst chamber, 

2 IL, + Oo = 2H2O, 

(afterwards condensed) 

results in a diminution in volume equal to three times the 
volume of oxygen present, the readings recorded on the carbon 
dioxide chart when divided by three give the oxygen content of 
the hydrogen. Thus, a carbon dioxide chart recording up to 
10 per cent of carbon dioxide for use, for example, on water- 
gas, can be used, with the stated modification, for recording con- 
centrations of oxygen in hydrogen from 0 to 3.33 per cent. It is 
obvious that it may be similarly applied to the record of hy- 
drogen in electrolytic oxygen. In such case the above chart 
would record from 0 to 6.66 per cent of hydrogen. 

Greenwood and Zealley also devised an apparatus for the 
automatic estimation of small amounts of oxygen in combustible 

1918 , 51 , 1 , 334 . 

Precision Instrument Company, Manufacturers, Newark, N. J. 

«.r Soo. Ch&m. Tnd.. 191ft XR R71 



gas mixtures or of combustible gases in air. They used heated 
platinum wire as the oxidation catalyst and provided their appa- 
ratus with a means for giving an alarm when the percentage of 
oxygen rose above a certaiiv value. It cannot be claimed that 
tluiir device is simple. 

The detection of oxygcin in hydrogen can be simply effected 
by the blue coloration impartial to colorless solutions of cuprous 
salts when gas containing oxygon is bubbled through the solu- 
tion. 

The detection and determination of phosphine in hydrogen, of 
importanec in the case of hydrogen produc.ed by the silicol pro- 
cess, has been thoroughly studied by Boyer.*" For detection, the 
gas, after washing with water and removal of the water spray, is 
burned at a platinum jet and a porcelain cover is brought over 
the flame; a green coloration indicates phosphine. Spectroscopic 
examination of the flame shows clearly three phosphorus lines. 
Alternatively a drop of water suspended in the loop of a plat- 
inum wire and introduced into the flame for 1/15 second, will 
contain aufllcicnt phosphoric acid to show a yellow precipitate 
with ammonium nitro-molybdate. This latter method is the 
basis of the process of estimation. The products of the com- 
bustion of from 2 to 20 litres of the gas are taken up with water 
and the phosphoric acid estimated as phospho-molybdate. With 
two litres of gas burned, a dilution of one part of phosphine in 
6,000 parts of gas is determinable. With 20 litres, a concentration 
of one part in 60,000 parts is measurable. With 100 litres of gas, 
the sensitivity of the analytical procedure is extended to dilutions 
of one part of phosphine in one million of the gas. 

Arsenic may be estimated by the usual method of passing the 
gas through a heated glass capillary, comparing the mirror ob- 
tained with standard mirrors. Sulphuretted hydrogen is detected 
by the blackening of a lead acetate paper placed in a T tube, at 
right angles to the path of the oncoming gas. Approximately 
quantitative results are obtained by comparison with standards, 
of the stains obtained in a given time with a given gas flow. 
Carbon disulphide may be similarly detected, after the passage 
of the gas over heated platinised pumice or reduced nickel at 
600° C. The carbon disulphide is thereby caused to interact 

oft4m, ami, 1918 , MS, 221 . Cham, AM», 1919 , 18, 294 . 
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with hydrogen, forming hydrogen sulphide, which can then be 
determined in the usual way. 

The detection and estimation of acetylene in hydrogen has 
been standardised by Weaver.^^ The method is based on the 
formation of a red colloidal solution when the gas is absorbed in 
ammoniacal cuprous chloride solution containing 0.025% gela- 
tine, 0.125% hydroxylamine hydrochloride and 50% alcohol. 
Comparison may be made with solutions containing a standard- 
ised red color. 0.03 milligram of acetylene can be detected by 
this method. Sulphuretted hydrogen and carbon dioxide inter- 
fere with the estimation and may be removed by hot alkaline 
pyrogallol. In the gravimetric determination of cuprous acety- 
lide it was shown that the precipitate should be washed in the 
absence of air. 

Am. Chem. Boo., 1916, 38, 352. 



A])pctKlix I 


A compU'txi (‘xp('rhiK'»t.u.l re-investiKal.ion, by Cliaudron, of 
(ajvulihriu in t.ho rc'uc.tums 

3 bo + 311,0 = 3F(!0 +3IL 
3Fo()+ jr,0= Fc,A+ H, 

3Fo +3CX) =:3FcO -[-300, 

3FoO-f- CX) = Fc,,0, -1- CO, 

1 boot! publinlual siiioo tluH book was act up and indc'xcd. (An- 
on do Oliimio, 1921, IG, 221.) 

'Huh roHonroh roproa('ntH the moat thoroujih and- aatiafaotory 
fk wliioh huK laaiii performed in roforono.ii to thcac reversible 
otioiia. Ah tlm <Intu obtaiiuul in the research remove some of 
tlifliculties in the way of acceptance of the earlier data they 
h(T(^ inoorporated in the book. The appended diagram allows 
phioally the results obtained. The ordinates represent percent- 
's of the reducing gas in equilibrium with iron-ferrous oxide 
1 with ferrous oxide-ferrous ferric oxide at various temperu- 
es plott.ed as abscisHae. 


Especially is this true of the equilibria involving carbon mon- 
oxide. 

The results obtained give direct evidence as to their relia- 
bility. It will be noted that, for the curves involving both hydro- 
gen and carbon monoxide as reducing gases, a triple point is ob- 
tained (570°) at which iron, ferrous oxide and ferrous ferric oxide 
coexist. The existence of this triple point was confirmed by ex- 
perimental test. It was shown that ferrous oxide (which, if the 
diagram is correct, is unstable below 570°) slowly changes over 
to iron and ferrous ferric oxide when heated in a vacuum at 
500° C. 

The reliability of the experimental results is confirmed by 
the process of combining the results with both reducing gases. 
Thus, a combination of the equilibrium ratio, K 3 ^ = Pjj q/Pjj 

with Kg = Pqq ./Pco presence of the same two solid phases 
at any one temperature should give the water-gas equilibrium, 

PH,oXPCO _ 

PH^ XPco, 

The values so obtained are in good agreement with the very re- 
liable results obtained by direct measurement of the gaseous 
equilibrium. This is shown by the following table which gives, 
for iron and ferrous oxide as the solid phases, the individual and 
combined values of and Kj and, in addition, the corresponding 
calculations for the water-gas equilibrium made by Haber. 


Tern- 

perature 


K2=PcoJ'PCO 

K = KJK^ 

K (Haber) 

686° 

0.47 

1.37 

0.34 

0.57 

786 

0.55 

0.63 

0.87 

0.86 

886 

0.65 

0.51 

1.27 

1.19 

986 

0.75 

0.40 

1.80 

1.90 


The new data do not make any substantial difference to the 
general Conclusions, based upon the earlier experimental data, 
which were presented in the introductory section of Chapter 11. 
The actual figures, however^ presented on page 44, for the vol- 
umes of hydrogen and carbon monoxide consumed in the attain- 
ment of equilibrium conditions in the presence of the various 
solid phases will be altered by these new results. Accordingly, 
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Ki following tables are prc'senkal more reliable data for the 
ral ('(iiiilibria. 


FcjiOj — FkC) Reaction. 


nhpirature 

% //y (Unmmied 

\% CO Consumed 

Water-Gas /iJa 

r)70'> 

27 

47 

2.7 

(ifiO 

41 

55 

2.1 

750 

58 

67.5 

1.6 

850 

75 

75 

1.33 


FcO - Pe Reaction. 


mperature 

% 11^ Conmmed 

fo CO Consumed 

Water-Gas :H 2 

570'’ 

27 

47 

2.70 

050 

30 

44 

2.70 

750 



2;66 

850 


36 

2.70 


It will be observed that tlic now results show the FejO^ - FeO 
le to b<^ loss favorable, as roRards water-gas : hydrogen than 
previously calculated. Tlay demonstrate the advantage of 
king at higher temperatures on this cycle in so far as this 
er-gas : hydrogen ratio is concerned. The relative quantities 
vatcr-gas consumed to hydrogen yielded is much lehs depen- 
t on temperature in the case of the FeO - Fe cycle, nor is this 
le so economical as regards water-gas. The pefeeritages of 
Irogon in equilibrium at the various temperatures in the two 
los during tht steaming phase may readily be obtained frdih 
figures in the second column of each of these last two tables. 
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